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Abstract
Microscale viscosity is a key parameter that defines the physical makeup of a system, controlling
viscoelastic properties of microscopic objects. Additionally, microviscosity within a living cell
controls the rate of mass transport through a cell and is hence intimately linked to the activity of
a cell. Therefore, measuring viscosity on a microscale represents an important challenge within
both physical and biological sciences. So far, one of the most informative and convenient
ways for doing this is to use fluorescent ’molecular rotors’, which are the viscosity-sensitive
fluorophores. The characterisation and application of several previously unexplored molecular
rotors are the main topics explored in this thesis.
First, porphyrin dimers are examined and characterised as dual viscosity sensors capable of
measuring viscosity using their two photophysical parameters: the ratio of two peaks in the
fluorescence spectrum and the fluorescence lifetime. The dimer was thus characterised as an
attractive dual viscosity sensor displaying absorption and emission in the tissue optical window.
Then the porphyrin dimers are applied for imaging microviscosity in lipid monolayers and
bilayers. Finally, the porphyrin dimer is used for sensing dynamic change of microviscosity in
lipid monolayers and living cells undergoing oxidation by singlet oxygen.
Secondly, the changes in viscosity of model lipid membranes under oxidation are further exam-
ined using the molecular rotor Bdp-C10, which fully embeds in the lipid tail region of the lipid
bilayer. Changes in viscosity are measured at several different bilayer positions of the oxidant
relative to the rotor: on the surface, inside the tail region and outside the bilayer in the aqueous
phase. Additionally, we report striking differences in the dynamic viscosity change during Type
I and Type II photosensitisations and uncover the mechanistic details of the oxidation utilising
the ability of molecular rotors to provide spatially resolved information.
In the last two chapters, we examine if molecular rotors are sensitive to temperature, which
is an important topic that has not previously investigated. The molecular rotors demonstrate
contrasting types of temperature sensitivity. Lastly, the temperature-dependence of molecular
rotors was put to use by employing Kiton Red for measuring temperature in laser-heated aerosol
particles and by using one of the porphyrin dimers for performing the first ever to our knowledge
dual viscosity and temperature measurement on a microscopic scale.
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1. Introduction
1.1 Microviscosity
Viscosity is a key parameter of a liquid environment that determines the rate of diffusion within
the environment, in addition to the rate of molecular rotation on the microscale. When cells
are considered, diffusion of macromolecules and reactions between them are also affected by
the viscosity of the cytoplasm of the cell or its membrane depending on where the reactions
take place. On length scales of one micron or less, the term ’microviscosity’ is used instead of
viscosity because the former term also encompass molecule-solvent interactions, which are not
important when the movement of the macroscopic objects is considered.
Microviscosity is expected to vary a great deal in cells, both spatially and temporally. The
cytoplasm is a very dense environment packed with continuously moving macromolecules up
to 400 mg/mL [1] concentration and also contains a cytoskeleton, rigid filaments made out of
proteins extending throughout the whole cell. Similarly, the cell membrane consist of different
types of lipids and membrane proteins, which are widely believed to contribute to lipid phase
separation leading to microscale heterogeneities (’lipid raft’ hypothesis). Abnormal microvis-
cosity in cells has been demonstrated to be the consequence of various diseases. Individuals
with Alzheimer’s disease were shown to have platelets with their membranes more fluid than
normal [2]. Additionally, insulin-resistance in rats was shown to be accompanied with the eleva-
tion of the viscosity of liver cell membranes [3]. One of the causes could be that a more viscous
membrane reduces the efficiency of the aggregation of insulin receptors, which is important for
cell signaling. Furthermore, high cholesterol content in the membranes of endothelial cells was
1
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Figure 1.1: The diagram showing the fluid being sheared in between stationary and moving
plates at velocity u. This makes the fluid to move depending on the distance y to the moving
plate. Figure was taken from [6].
shown to increase membrane viscosity and down-regulate the activity of membrance receptor
NO synthase, which leads to the development of atherosclerosis [4]. Finally, the cytoplasmic
viscosity was shown to increase during the radiation-induced cell death [5]. These multiple
examples show that knowing microviscosity on a cellular level can allow to understand these
diseases better and possibly allow their diagnoses.
In order to better understand what exactly microviscosity is, the term viscosity needs to be
defined and understood first. Viscosity is the resistance of a fluid to shear stress. It is defined as
follows: if the fluid is between two plates like shown in Figure 1.1 and the top plate of area A is
moved at the velocity u this applies the force F on the liquid, causing the liquid layers to move.
The velocity at which the liquid layers move will decrease with an increasing distance y to a
the moving plate. The shear stress τ applied on the liquid will be equal to τ = F/A. Viscosity
η is, therefore, a proportionality coefficient between the shear stress and the derivative of the
fluid velocity with respect to the distance from the moving plate:
τ = η
∂u
∂y
(1.1)
Viscosity describes average interactions of molecules in a fluid. The interactions are weak in a
low viscosity fluid and will only move very close to the moving plate. In contrast. in a high
1.1. Microviscosity 3
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Figure 1.2: Two alternative diffusion mechanisms on a microscale. Stokes diffusion occurs when
the solute pushes solvent molecules out of the way. In contrast, free volume diffusion occurs
when the solute moves within the ’free-volume’ in between the solvent molecules.
viscosity liquid, solvent-solvent interaction will be stronger, meaning deeper layers of fluid will
be moved, requiring a stronger force to move them.
Viscosity also determines how quickly particles can move and rotate in a fluid. A spherical
particle in a fluid will have the following diffusion coefficients for translation (Dt) and rotation
(Dr) [7]:
Dt =
kT
6piηr
Dr =
kT
8piηr3
(1.2)
These equations are known as Stokes-Einstein equations. The relation between viscosity of a
fluid and diffusion coefficient of a macroscopic object is clear and straightforward because it
can be assumed that fluid is uniform, isotropic and molecular interactions can be discounted.
The relation between diffusion coefficient and viscosity becomes a lot more complex if the sphere
from Stokes-Einstein equations is smaller in size and starts approaching the molecular level (1
- 100 nm). When movement of such a small object is described, use of the term ’viscosity’
is no longer useful, because the size, shape and charge distribution of molecules making up a
fluid start affecting this small sphere moving in a liquid. In addition, properties of the sphere
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are important as well. It can no longer be assumed that the liquid is uniform, since the gaps
between solvent molecules termed ’free volume’ [8] also start affecting the movement of this
microscopic sphere. Two diffusion mechanisms start contributing to overall diffusion of the
microscopic sphere: Stokes diffusion, during which the sphere pushes the solvent molecules out
of the way and free volume diffusion, during which the sphere moves within gaps between solvent
molecules [7]. Additionally, if a molecule is considered, intermolecular interactions between the
solute and the solvent molecules have to be taken into account, which is not the case on the
macroscopic level. Since the diffusion mechanism on a microscopic level is very different, the
term ’viscosity’ is no longer valid when the size of a solute starts approaching the size of
solvent molecules. Therefore, another term ’microviscosity’ is used. However, microviscosity
is more loosely defined term. In comparison, bulk viscosity is a property of a fluid only and
affects all objects moving in it equally. It is not the case with ’microviscosity’, i.e. different
molecules might experience different microviscosity in the same solvent depending on their
size, charge, polarity, hydrogen bonding abilities. The term ’microviscosity’ contains all those
factors. Nevertheless, microviscosity is a key property to know, when diffusion of lipids in
cell membrane, protein diffusion in cytoplasm or viscoelastic properties of aerosol particles are
considered.
Due the importance of microviscosity, several methods have been developed to measure it. The
first group of techniques are nuclear magnetic resonance (NMR) and electron paramagnetic
resonance (EPR), which were used to measure microviscosity through relaxation times of a
nuclear or an electron spin. The second group of techniques, fluorescence recovery after pho-
tobleaching (FRAP), fluorescence correlation spectroscopy (FCS) and single particle tracking
(FCS) reported microviscosity through translational diffusion times of fluorophores or labeled
macromolecules. Finally, the third group of techniques were used to measure microviscosity via
rotational diffusion of fluorophores. Those techniques are fluorescence anisotropy and molecular
rotors. All these techniques are reviewed in the following sections.
1.2. NMR and EPR for measuring microviscosity 5
.
Figure 1.3: Normalised orientational distribution functions of a spin probe in a membrane of
increasing fluidity (1 to 3). Wider distribution function reports lower microviscosity in the
membrane. Figure was reproduced from [13]. Copyright 1992 American Chemical Society.
1.2 NMR and EPR for measuring microviscosity
Proton nuclear magnetic resonance (H1-NMR) has been used multiple times for measuring the
mobility of water within the cytoplasm [9, 10]. The NMR technique works in the following
way. A hydrogen nucleus can have two spin states, parallel to magnetic field (mz = + 1/2) or
antiparallel (mz = - 1/2), which are both equal in energy in the absence of a strong magnetic
field. During an NMR experiment, a sample is placed in a strong magnetic field, which perturbs
the spin states of all hydrogen atoms in the sample and splits them in energy. Hydrogen nuclei
are then excited by electromagnetic radiation into a higher spin state. After excitation, the
nuclei relax by emitting radiofrequency radiation. Its frequency depends on the environment of
hydrogen nuclei and one of the factors affecting the relaxation time is rotational diffusion and
therefore, microviscosity of the environment [9]. The results show that rotational diffusion in
cell cytoplasm is two times slower than in pure water [10–12].
An alternative approach for measuring water viscosity in cells with NMR is to measure diffusion
rates of solutes [14–16]. However, the molecules can diffuse around the whole cell during the
time it takes to do the measurement. As a result, the measured relaxation time will be an
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average value and the obtained diffusion rate will be artificially reduced by any barrier the
solute encounters during the experiment [9].
An equivalent technique to NMR exists for unpaired electrons, which is called electronic para-
magnetic resonance (EPR). Like protons or other nuclei having spin equal to 1/2 (19F, 13C, 31P,
etc.) electrons can exist in two spin states as well, which are split in energy in the presence of
a strong electromagnetic field. The most common EPR machine (continuous wave EPR) works
in the following way. Electromagnetic radiation of constant frequency (∼ 9 GHz) is applied
on the sample while the magnetic field is varied. The energy splitting between the spin states
of the electron depends on the strength of magnetic field and the environment of the electron.
When the magnetic field strength reaches a value at which the energy splitting of spin states
matches the energy of electromagnetic radiation, an EPR spectrum produces a signature. The
environment of the electron will determine at which magnetic field value the signature is pro-
duced. This technique works only with the molecules that have unpaired electrons, such as
radicals.
The linewidths of the peaks in an EPR spectrum depend on the relaxation time of spins.
One of the pathways for relaxation is a rotation of the molecule in solution, which modulates
the interaction of a spin and magnetic moment due to the rotation of paramagnetic molecule.
Molecules rotate slower in a high viscosity environment leading to a slower relaxation time and
a narrower linewidth in the EPR spectrum [17]. Like NMR, EPR is an ensemble technique i.e.
all paramagnetic molecules analysed this way will contribute to the final average result.
EPR has been widely employed for measuring microviscosity of membranes [13, 18]. Here a
spin probe was incorporated into the membrane and then orientational order of the probe was
estimated from the linewidths of the EPR spectra. The orientational order should be smaller
in the less viscous membrane, as shown in the Figure 1.3. Since most of the molecules in
membranes are diamagnetic, only the spin probe produces signatures in the EPR spectra. In
addition, EPR using spin probes has been also used for measuring cytoplasmic viscosity [19,
20].
Overall, there are multiple examples of NMR and EPR techniques used for measuring micro-
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viscosity. However, these two techniques have a major disadvantage in that they are ensemble
techniques and report average microviscosity in the whole sample. In order to improve upon
this and measure microviscosity at specific location in the sample or do microviscosity imaging,
fluorescence-based optical microscopy techniques are advantageous.
1.3 Microviscosity measurements using fluorescence based
techniques
For samples that incorporate fluorophores, fluorescence signal can be used to obtain information
on microviscosity of the environment of the fluorophore. This is particularly useful when study-
ing cells and membranes and was extensively used in the past. These fluorescence techniques
are combined with microscopy in order to achieve sub-micron spatial resolution. The main
methods are FRAP, FCS, SPT, fluorescence anisotropy measurements and molecular rotors,
which all are discussed in the following sections.
1.3.1 Fluorescence recovery after photobleaching
The first such technique discussed in this section is fluorescence recovery after photobleaching
(FRAP) reviewed here [21–23]. During a FRAP experiment, a small region of the sample
is irradiated with an intense laser beam, which bleaches all the fluorescent molecules in the
region. After bleaching, the laser intensity is decreased down to the appropriate value for
measuring fluorescence. Over time, the fluorophores diffuse into the bleached region, which
becomes more and more fluorescent. Fluorescence recovery kinetics are then measured, which
provides the translational diffusion constants of the fluorophores. This technique does not
provide microviscosity directly but the obtained translational diffusion coefficient allows it to
be estimated. There are a number of equations derived that relate diffusion coefficient and
microviscosity such as the following equation for diffusion in three dimensions [7]:
8 Chapter 1. Introduction
Dt =
kT
6piηrft
(1.3)
where Dt is a translational diffusion coefficient, k is Boltzmann’s constant, T is temperature, η
is viscosity, r is the radius of the diffusing molecule and ft is the correcting factor that depends
on the radii of the solute and the solvent molecules.
Another example is the Saffman-Delbru¨ck formula relating microviscosity and two-dimensional
diffusion coefficient in a membrane [24]:
Dt =
kT
4piηh
[ln
(
2Lsd
a
)
− γ] (1.4)
where h is the membrane thickness, Lsd is the Saffman-Delbru¨ck length, which depends on the
ratio of the membrane and the surrounding fluid viscosities, a is the radius of the fluorophore
in the membrane and γ is a constant, approximately equal to 0.577.
However, care needs to be taken when estimating microviscosity from the diffusion rate because
it might be impeded by barriers like cytoskeleton or binding events. In addition, the equations
shown above were derived using multiple assumptions and may not accurately predict micro-
viscosity from the diffusion coefficient.
In the first FRAP experiments, commonly used fluorophores like fluorescein were tagged to the
macromolecules of interest, like lipids or membrane proteins. In one of the first FRAP exper-
iments, Edinin and coworkers labeled proteins with fluorescein in mouse fibroblast cells and
measured their average diffusion coefficients [25]. No particular protein was selectively labeled,
so the results were the average of diffusion coefficients of a big number of different proteins.
Axelrod and colleagues [26] labeled acetylcholine receptors specifically and then studied their
mobility on the surface of myotubes and discovered that all the receptors can be divided into
mobile and non-mobile fractions.
Green fluorescent protein (GFP) is a very widely used label for FRAP experiments. Upon its
discovery GFP became a very common fluorophore for tagging since the cell can be modified
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Figure 1.4: Scheme showing the FRAP technique. A spot in the cell is bleached and then
the cell is imaged over time. The kinetics of fluorescence recovery in the bleached spot are
measured, which provide information on diffusion rate of fluorophores or binding.
in order to express GFP bound to the protein of interest. Then diffusion coefficient of the
protein can be obtained by FRAP [22]. There are a lot of examples in the literature were
FRAP was used for studying lateral diffusion of membrane proteins [25–28]. In one of them,
Poo et al studied the mobility of rhodopsin, a membrane protein found in the rod cells in the
retina. In this example, instead of measuring recovery in fluorescence upon bleaching, change
in absorption was measured because the bleached rhodopsin is no longer capable of absorption
until it recovers. The diffusion constant of rhodopsin was obtained, which allowed estimation
of membrane viscosity of the rod cells, which was calculated to be ∼100 cP. Additionally,
protein mobility has been studied in other cellular compartments such as mitochondria [29], the
nucleus [30] or the endoplasmic reticulum [31]. Furthemore, FRAP also provides information on
binding interaction of proteins such as binding strength and number of binding sites [23]. The
advantage of FRAP is that it requires only a confocal microscope with a powerful excitation
laser. However, it provides diffusion constants in the bleached area only without providing
information about the rest of the cell; only one point can be studied at any one time. The
spatial resolution of this technique is limited to the size of the bleached area, which is normally
significantly larger than them maximum spatial resolution of the microscope. Additionally, it
is challenging to get dynamic information because the one measurement takes several seconds.
Furthermore, a high laser power required during the bleaching step produces a risk of sample
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Figure 1.5: The principle behind the FCS technique. Diffusion of a fluorescent proteins through
focal spot of the excitation laser (top panel) results from fluorescence fluctuations shown in the
middle panel. Autocorrelation of the fluctuations using equation 1.5 is then calculated and
shown on the bottom panel. Figure was adapted from [32] with permission of Springer.
damage.
1.3.2 Fluorescence Correlation Spectroscopy
Fluorescence correlation spectroscopy (FCS) is another fluorescence-based technique for esti-
mating the translational diffusion rates of fluorophores and microviscosity of their environments
[32, 33]. During FCS, the fluctuations of the fluorescence signal due to the molecules diffusing in
and out of the focal point are measured as shown in Figure 1.5. This fluorescence signal closely
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resembles noise but the signal is not completely random, which is revealed by its normalised
autocorrelation function G(τ) [34]:
G(τ) =
∫ T
0
F (t)F (t+ τ)dt∫ T
0
F 2(t)dt
(1.5)
where t is time, τ is time delay, T is time needed to record the signal and F is the fluorescence
signal. The autocorrelation function describes how quickly the signal is changing with time i.e.
a high value of G(τ) means that the signal at time t+τ can be predicted with a high confidence
if the signal at time t is known and vice versa.
One of the factors that affects the autocorrelation function is translational diffusion rate, which
can be extracted out of G(τ). In order to record a useful signal during FCS, a very small
fluorophore concentration (∼ 1 nM) needs to be present in the sample, otherwise fluctuations
of fluorescence will not be noticeable. Since the signal is recorded only from the focal point of
the excitation laser, the information on diffusing molecules can be obtained only from a small
area in the sample of ∼ 0.5 µm lateral and ∼ 1 µm axial resolution with the exact values
depending on the specific microscope objective used. Compared to FRAP, autofluorescence is
a bigger problem during FCS. Also FCS requires more complicated data analysis. Nevertheless,
it reveals submilisecond dynamics and it does not require intense laser power unlike FRAP.
FCS has been used to measure the diffusion rate of fluorophore-labelled cell membrane receptors
[35] and lipids in cell and model membranes. [36, 37]. The lipids in the membrane are known to
exist in two liquid phases: liquid-ordered and liquid-disordered phases, which is less dense and
more fluid. Korlach et al performed experiments in lipid vesicles containing both mentioned
phases. The results revealed higher diffusion coefficient in the fluid phase compared to the
ordered phase. Additionally, increasing the content of cholesterol lead to a decrease in diffusion
rate in the fluid phase. Schwille et al did FCS experiments on lipids in living cells, which
revealed deviations of diffusion from Brownian motion [36]. These deviations were proposed to
be caused by the presence of viscous membrane regions, so called ’lipid rafts’. Overall, FCS
is a very sensitive technique, which allows translational diffusion constants to be measured
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Figure 1.6: A membrane model suggested by Fujiwara et al. According to the model, the
membrane is split into compartments by the membrane proteins bound to the actin cytoskele-
ton under the membrane. Figure was reproduced from [39] with permission of the Rockfeller
University Press.
in a single volume with submicrometer spatial resolution. Common FCS allows only single-
point measurements. Nevertheless, recent developments allowed to do FCS imaging [38], which
provided diffusion rate constant maps of proteins of interest in cells and tissues.
1.3.3 Single particle tracking
Single particle tracking (SPT) is another technique for measuring a translational diffusion
coefficient. During the SPT experiment a single particle of interest such as a protein in the cell
is labeled and then its movement trajectory is tracked. The trajectory and also the velocity of
the movement can then be used for calculating the diffusion coefficient of the particle, which
in turn reports on microviscosity of the environment.
There are several types of probes used for labeling an object of interest [40]. The first type of
probes are strong scatterers of light, such as latex beads, gold or silver nanoparticles, which
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act as small mirrors. However, the scattering signal decreases rapidly with the decreasing size
of the probe. As a result, the size of probes used is in the order of 20-1000 nm [41], whereas
proteins, for example are only 10 nm in size. As a result, a large probe in comparison to the
protein can impede its movement and distort the results. An example of another type of probe
used is light emitting quantum dot, which is 5-10 nm is size and comparable to proteins [42].
Unfortunately, there are several disadvantages associated with the use of quantum dots. They
are blinking, which interferes with the tracking and difficulty in labeling, which may lead to
the large size of the labeled quantum dot-protein complex. An alternative is to use fluorescent
molecules as labels, which are even smaller than quantum dots or proteins (1 nm in size or
less). Unfortunately, bleaching limits the tracking time to seconds [43]. Finally, gene-encodable
fluorescent proteins, such as green fluorescent protein (GFP) are also used as labels [44]. They
are the easiest probes to use for labeling because the protein of interest can be expressed fused
to the fluorescent protein. Recently, a motor protein was successfully tracked even without
using any labels whatsoever [45]. However, this is only possible to do in vitro.
SPT is a very widely used technique for studying the movement mechanism of motor proteins,
such as kinesin, myosin or dynein [40]. In addition, it has also been used to study properties
of the cell membrane. Kusumi and coworkers [39, 46] used lipid molecules labeled with both
fluorophores and gold nanoparticles to study their movement in the cell membrane. Their results
revealed that the cell membrane is divided into compartments, which have similar viscosity to
the lipid model membranes, by the regions of high viscosity (’lipid rafts’), which limit the
diffusion through them. It was suggested that the barriers are formed by membrane proteins
held in position due to binding to the actin skeleton as showin in Figure 1.6. This is in agreement
with the results obtained by tracking labeled membrane proteins [47, 48], which also suggest
the compartmentalisation of the cell membrane.
SPT has also been used for measuring diffusion rate and viscosity of complex fluids, such as a
polymer solution and a concentrated DNA solution [49]. This was done by tracking polystyrene
beads in the solution of interest. The same technique was later applied for measuring cyto-
plasmic viscosity in the living cell [50] using fluorescent beads. It was also discovered that
the protein α-actinin, which is abundant in muscle cells increases cytoplasmic viscosity in
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non-muscle cells. Finally, SPT was used for measuring cytoplasmic viscosity in oocytes [51].
However, great care must be taken when estimating microviscosity from diffusion coefficients
of a molecule or a protein in the cytoplasm. According to the work of Kalwarczyk et al [52],
size of the probe is a key parameter if it is less than 100 nm, which affects its restriction when
diffusing in the cytoplasm. As a result, different sized probes will report different cytoplasmic
microviscosity. This is very likely to be a limitation of any method that measures microviscosity
from the translational or rotational diffusion of a probe, not only SPT.
1.3.4 Steady state and time-resolved fluorescence anisotropy
Another widely used method for measuring microviscosity is fluorescence anisotropy. Fluores-
cence anisotropy is a phenomenon where the emitted light from the sample has a degree of
polarisation. It is defined as [34]:
r =
I‖ − I⊥
I‖ + 2I⊥
(1.6)
where r is fluorescence anisotropy and I‖, I⊥ are fluorescence intensities polarised parallel and
perpendicular to the polarised excitation light.
The reason why fluorescence emitted by molecule can be anisotropic is as follows. During
fluorescence, the molecule relaxes from the first excited electronic state S1 to its ground state
S0. As explained in the section 2.1.2, radiative transition probability is proportional to the
transition dipole moment. In addition, the direction of the polarisation of emitted light also
has to match the direction of transition dipole moment within the molecular frame. Therefore,
a molecule fixed in a completely rigid environment would only emit light polarised in one
certain direction if only a single S1 to S0 transition is involved. If the molecule is in a solvent,
it is rapidly tumbling and rotating, which depolarises fluorescence as explained in Figure 1.7.
Steady-state fluorescence anisotropy of the molecule in a solvent is equal to [34]:
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Figure 1.7: Diagram showing how the rotation of fluorophores affect their fluorescence
anisotropy. Polarised excitation light (large blue arrow) excites molecules, which have their
transition dipole moments aligned parallel to the excitation light (a set of small blue arrows).
If the rotation is slow, the fluorescence is highly polarised, which results in high fluorescence
anisotropy. If the rotation is fast, fluorescence polarisation is random and its anisotropy is close
to zero.
r =
r0
1 + τ/Θ
(1.7)
where τ is fluorescence lifetime, Θ is rotational correlation time and r0 is a maximal fluorescence
anisotropy in absence of rotational relaxation. Rotational correlation time is equal to [34]:
Θ =
ηV
RT
(1.8)
where R is ideal gas constant, T is temperature, V volume of the rotating unit and η is viscosity.
Therefore, steady-state fluorescence anisotropy can provide information on the viscosity of
an immediate environment of the fluorophore. Shinitzky et al used steady-state fluorescence
anisotropy of perylene and 2-methylanthracene to assess microviscosity of synthetic micelles
and how it is affected by addition of salts into the aqueous solution [53]. Cogan and colleagues
used this technique to measure the change in microviscosity during phase transition of lipid
dispersions and mixed lipid-cholesterol dispersions in water [54]. The microviscosity gradient
across the width of plasma membrane of E coli bacteria was examined by Dombek et al. In
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addition, they found that ethanol decreases membrane viscosity but E coli grown in media
with ethanol had more viscous membrane than the control cells [55]. Fluorescence anisotropy
studies of Berlin et al have shown that plasma membrane viscosity of phagocytic cells decreases
during phagocytosis [56].
One of the main disadvantages of steady-state anisotropy technique is the inability to distin-
guish a fluorophore in high viscosity environment from a bound fluorophore. This obstacle
can be overcome using the time-resolved fluorescence anisotropy technique. It shows if fluores-
cence anisotropy decreases slowly, which would indicate high microviscosity or if it stays high
indefinitely, which would indicate binding. Time-resolved fluorescence anisotropy is calculated
from measured fluorescence decays polarised parallel (I‖(t)) and perpendicular to the sample
(I⊥(t)) using equation 1.6. The obtained fluorescence anisotropy decay can be expressed in the
following way [34]:
r(t) = r0
∑
j
gj exp(−t/Θj) (1.9)
where Θj are individual correlation times for every rotational mode of the molecule and gj
are fractional contributions of them so
∑
j gj = 1. A spherical molecule would posses only
one rotational correlation time but, because most of the molecules are not spherical, rotations
around the different axes have different rates and lead to more than one rotational correlation
time. If the molecule is present in a confined environment, such as a membrane, this limits
rotation of a fluorophore and a final anisotropy value of 0 cannot be reached. In this case,
fluorescence anisotropy is modeled by a following equation [34]:
r(t) = (r0 − r∞) exp(−t/Θ) + r∞ (1.10)
where (r∞) is a limiting fluorescence anisotropy reached at t = ∞. Microviscosity can be
esimated from Θ. This example is shown in Figure 1.8 where fluroescence anisotropy decays
were measured in different viscosity mixtures.
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Figure 1.8: Time-resolved fluorescence anisotropy decays of Rhodamine Green in water and
water solutions with 30% and 50% sucrose. The decays are longer in more viscous solutions.
Figure was reproduced from [57] with permission of Springer.
Time-resolved fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH), which is now one
of the most used anisotropy probes for membranes, was used for characterising microviscosity of
lecithin-cholesterol vesicles at a range of different temperatures when cholesterol concentration
was varied [58]. DPH was also used for measuring viscosity in dipalmitoyl-phosphatidylcholine
(DPPC) vesicles at different viscosities [59]. This work has also shown that viscosity given by
stead-state fluorescence anisotropy is abnormally high due to restrictions of rotation of DPH
in the membrane, which can only be taken into account through a time-resolved experiment.
Ikegami and colleagues also used DPH for assessing viscosity in liposomes made from other
various lipids at different temperatures [60]. Vincent et al used fluorescent anisotropy probes
localised at various depths in DPPC model membrane and examined changes in viscosity during
phase transitions of the membrane [61]. Davenport et al examined DPPC model membrane
using long lived fluorescence anisotropy probe coronene, which has 200 ns fluorescence lifetime
[62]. Finally, Pal et al used coumarin dye with hydrocarbon chain attached for measuring
viscosity in model membranes and a virus membrane [63].
Time-resolved fluorescence anisotropy can also be combined with microscopy to allow time-
resolved fluorescence anisotropy imaging microscopy (TR-FAIM) [65]. This technique allows
to obtain an image using the microscope, where each pixel in the image contains fluorescence
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Figure 1.9: Time-resolved fluorescence anisotropy image of a live B cell stained with the deriva-
tive of fluorescein. The color denotes rotational correlation time. Figure was adapted from [64]
with permission of The Optical Society.
anisotropy decay. The image then can be used to obtain a map of rotational correlation times
and spatially resolved maps of microviscosity. This was demonstrated first in solvents [65] and
then in living cells [64, 66], Figure 1.9.
Overall, fluorescence anisotropy is a useful phenomenon for studying viscosity in the immediate
environment of a fluorophore. Unfortunately, calculation of fluorescence anisotropy requires
overall fluorescence to be split into channels according to the polarisation of the light, with the
difference then being used to calculate anisotropy. During this procedure the signal itself gets
reduced whereas the noise level increases during the subtraction, which decreases signal-to-noise
ratio. It is much more efficient to estimate microviscosity using full fluorescence signal. This
is possible using viscosity sensitive fluorophores termed ’molecular rotors’, which are discussed
in the following section.
1.3.5 Molecular rotors
In 1980, a group of fluorescent malononitrile derivatives was discovered by Law, Loutfy and
colleagues, which showed a new interesting property [68, 69]. The molecules were emitting at
higher intensity when dissolved in the solvent of higher viscosity. Further investigation revealed
that this phenomenon occurs because the molecules can return non-radiatively to the ground
state through the internal rotation. Higher viscosity makes the rotation less likely, which
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Figure 1.10: Energy diagram for TICT type molecular rotor. The rotor upon excitation exists
in the locally emissive (LE) state with fluorescence rate constant kf . The rotor can also rotate
from angle ϕ0 to angle ϕ1 into the TICT state. The rate of rotation will be affected by viscosity.
As a result, viscosity determined how long the molecule stays in the fluorescent state. In the
TICT state, the rotors relax back to the ground state non-radiatively or by fluorescing at much
longer wavelength. DCVJ, which is an example of such TICT type molecular rotor is shown
on the right Figure was reproduced from [67] with permission of Springer.
prolongs the lifetime of the molecule in the fluorescent state and the fluorescence intensity
increases. The molecules contained an electron donor (electron pair on the nitrogen) and an
acceptor (nitrile substituent) group with a phenyl ring in between, which enables conjugation
over the whole molecule. When the molecule is excited, electronic transition from the donor
to the acceptor groups occurs and the molecule goes into a charge-transfer state [70]. Upon
electron transfer, viscosity-mediated twisting around the internal bond occurs and the molecule
reaches a twisted intermolecular charge transfer (TICT) state, from where it decays back to
the ground state non-radiatively, Figure 1.10. If the transition to the TICT state is prevented
by high viscosity, the molecule stays in a fluorescent state. Since the internal rotation gives rise
to viscosity-sensitivity, this group of molecules were termed ’molecular rotors’.
Theoretical dependence of fluorescence quantum yield on viscosity for these molecules was
derived by Fo¨rster and Hoffmann [71] and Loutfy [69]. Different approaches were used but
the final resulting equation was the same, which is commonly referred to as Fo¨rster-Hoffmann
equation:
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Φf = Aη
x (1.11)
where Φf is fluorescence quantum yield, and A, x are constants. Molecular rotors can be used
for measuring microviscosity by calibrating their fluorescence intensities in solvent mixtures of
known viscosity and then using the calibration to estimate viscosity in the sample of interest.
This method is valid only if the differences between polarity or between fluorophore-solvent
molecule interaction in calibration solvent and in a sample are minimal. Ideally, the photo-
physics of the molecular rotor should not be affected by solvent parameters, such as polarity,
hydrogen bonding, pH. However, it is best to use a solvent system for the calibration that is as
closely related as possible to the actual sample in terms of polarity, sizes of solvent molecules,
pH etc.
The viscosity-sensitive malononitrile derivatives were used for measuring microviscosity increase
during polymerisation [72, 73], for measuring change in microviscosity and polarity during phase
transition of model lipid vesicles [74, 75] and for studying polymerisation of tubulin [76]. In
addition, these fluorophores were used for studying how calmodulin is affected by binding to
Ca2+ ions [77] and transformation of G-actin to F-actin [78]. Furthermore, Haidekker and col-
leagues used malonitrile derivative DCVJ for sensing viscosity of an endothelial cell membrane
when shear stress was applied by flowing fluid under the cell [79]. The work demonstrated
that the membrane fluidity increased upon applying shear stress. In addition, blood plasma
viscosity was measured using DCVJ and closely related dye CCVJ [80]. CCVJ was also used
for measuring viscosity of colloids [81]. Haidekker and colleagues also synthesised hydropho-
bic derivatives of DCVJ that show higher sensitivity to viscosity and higher preference to cell
membrane [82] and hydrophilic derivatives for microviscosity measurements in the aqueous en-
vironments [83]. More recently, CCVJ was attached to a peptide for studying protein-peptide
binding interactions [84].
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Figure 1.11: Viscosity-dependent fluorescence spectra of first ratiometric molecular rotor syn-
thesised by Haidekker and colleagues. Peak B is sensitive to viscosity but peak A is not. As a
result, the ratio of both peaks viscosity sensitive parameter, which is also independent of the
local concentration. Reprinted with permission from [86]. Copyright 2006 American Chemical
Society.
1.3.6 Ratiometric molecular rotors
In all the mentioned examples, microviscosity was measured using the fluorescence intensity
of the molecular rotor in a sample. Fluorescence intensity is not an ideal parameter for mea-
suring viscosity because it may be affected by various other experimental parameters, such as
fluctuations of laser power, movement of the sample during the acquisition, background fluo-
rescence or change in optical properties of the sample. Most importantly, variations of the local
concentration of a molecular rotor also will affect the fluorescence intensity. This problem can
be solved by using two fluorophores together: a viscosity-sensitive molecular rotor and a fluo-
rophore insensitive to viscosity. Fluorescence of the insensitive fluorophore will account for the
fluorescence intensity variations because of the aforementioned experimental factors. Therefore,
the ratio of fluorescence intensities of both fluorophores should be sensitive only to viscosity.
Such ratiometric measurement was done first by Luby-Phelps and coworkers, who used cyanine
based fluorophores for measuring cytoplasmic viscosity in a living cell [85]. These fluorophores
were viscosity sensitive cyanine dye Cy3 and viscosity insensitive Cy5. Even though these
molecules were not fused together, they have nearly identical molecular structures and were
likely to localise in a similar position within the cell.
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A more robust fluorophore for ratiometric viscosity sensing was designed by Haidekker and
coworkers [86]. In their work, a fluorophore, which acted as a Fo¨rster resonance energy transfer
(FRET) donor was connected with a linker to a molecular rotor. As a result, a molecule was
synthesised displaying two bands in its fluorescence spectrum, Figure 1.11. One was viscos-
ity insensitive, whereas another increased with increasing viscosity. Having both fluorophore
moieties in a single molecule guaranteed the same location of both fluorophores in the sample.
More such ratiometric molecular rotors were synthesised by Yoon et al [87]. They were tested
by measuring the change in viscosity of lipid vesicles after exposing them to propanol. In ad-
dition, a ratiometric molecular rotor was synthesised for measuring viscosity upon two-photon
excitation and it was used for measuring mitochondrial viscosity in living cells [88].
Kuimova et al used another ratiometric viscosity sensor, porphyrin dimer, for sensing the change
in cytoplasmic viscosity during cell death [5]. Unlike other ratiometric sensors mentioned before,
the porhyrin dimer is not composed of more than one fluorophore and the two bands in its
fluorescence spectrum result from different conformations of the molecule. The photophysics
of the porphyrin dimers are one of the main topics examined in this thesis. The detailed
mechanism of their action is outlined in Section 4.1.
To summarise, ratiometric molecular rotors allow to obtain quantitative information on micro-
scopic viscosity in heterogeneous objects. Furthermore, they easily allow us to obtain images of
viscosity across a sample, unlike any other fluorescence-based methods described in this chap-
ter. In addition, uniquely, the application of ratiometric molecular rotors to dynamic systems
in principle allows imaging the change in viscosity in real time, which is challenging to do with
other methods.
1.3.7 Lifetime-based molecular rotors
Another photophysical parameter that is independent of the local concentration of the fluo-
rophore is fluorescence lifetime, which tells how long a molecule fluoresces and is defined by
Equation 2.10 in Section 2.1.2. Lifetime-based molecular rotors possess a viscosity-dependent
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Figure 1.12: The first lifetime viscosity sensor, which was developed by Kuimova et al. a)
Fluorescence decays of the sensor in solvent mixtures with increasing viscosity (red to black).
b) FLIM image of live cells using the sensor. The lifetime values in the image were then used for
estimation of viscosity in cells. Reprinted with permission from [89]. Copyright 2008 American
Chemical Society.
fluorescence lifetime, an example is shown in Figure 1.12a. The fluorescence decays of a molec-
ular rotor are longer at higher viscosities, which is the result of a longer lifetime. The lifetime
can be extracted from the decays and then a calibration curve can be constructed, which can
be used to relate fluorescence lifetime and viscosity. Then the molecular rotor can be used to
measure viscosity in a sample using its fluorescence lifetime.
First such molecular rotor was demonstrated by Kuimova et al [89, 90] for measuring viscosity
maps of living cells via Fluorescence Lifetime Imaging Microscopy (FLIM) using a boron-
dipyrrin (BODIPY)-based molecular rotor, Figure 1.12. This hydrophobic fluorophore became
a very widely used molecular rotor. It was used for measuring viscosity in model lipid bilay-
ers [91, 92], hydrophobic aerosols [93, 94], during sol-to-gel transition [95] and in coacervate
microdroplet membranes [96], which were used as a models for protocells. It was also used
for measuring viscosity of the inner membrane of bacterial spores [97]. Another BODIPY-
derivative was demonstrated to be a suitable dye for viscosity measurements in the live cell
membrane [98]. A BODIPY-derivative with morpholine group attached for targeting lysosomes
was used for measuring lysosomal viscosity in living cells [99]. Yang et al [100] synthesised
a hybrid probe made out of BODIPY and Nile Red fluorophores separated by a linker. This
probe was sensitive to both viscosity through the BODIPY chromophore and polarity through
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Figure 1.13: First dual ratiometric and lifetime molecular rotor, which was synthesised by Peng
et al. Ratiometric (left) and lifetime (right) images of the live cell are shown together, which
were later used for calculation of viscosity maps of the cell. The molecular rotor is shown in the
middle. Reprinted with permission from [104]. Copyright 2011 American Chemical Society.
Nile Red, and it was used to measure changes of both in the endoplasmic reticulum during
chemically induced endoplasmic reticulum stress.
Another lifetime-based molecular rotor Cy3 was used to measure viscosity in aqueous aerosols
[93, 94]. Additionally, Cy3 was combined with a trimethoprim (TMP) tag, which enabled
it to be targeted to the protein of choice and its immediate viscosity to be measured [101].
In addition, another cyanine dye that showed sensitivity of its lifetime to viscosity was used
for studying aggregation of amyloids [102]. Finally, a cyanine dye with a tetraphenyl group
attached was used for sensing viscosity in live cells [103].
1.3.8 Dual-mode molecular rotors
A number of molecular rotors were designed that had abilities of both ratiometric and lifetime
viscosity sensors. Such dual approach offers advantages over a single parameter detection and
further development of dual-mode molecular rotors is a subject of this Thesis, see chapter 4.
These rotors have two peaks in their emission spectra, the ratio of which is viscosity-dependent.
In addition, the lifetime of fluorescence at one of those peaks is viscosity-dependent as well. As
a result, such molecular rotors are able to report viscosity in two ways using two photophysical
parameters that are independent of the local concentration. The first such dual probe was
reported by Peng et al [104]. The molecular rotor is from the family of cyanine dyes and has
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two peaks in its fluorescence spectrum (456 nm and 650 nm), which can be used for ratiometric
viscosity sensing. In addition, the fluorescence lifetime at 650 nm is viscosity-dependent as
well. Live cell viscosity imaging was done using both these methods. Another dual sensor was
synthesised by Yang et al [105] and was used to image viscosity of mitochondria in living cells.
The emission bands were located at 425 nm and 515 nm with the 515 nm band being used
for viscosity detection via the lifetime method. Additionally, another cyanine-based dual mode
rotor that targets mitochondria has been developed, but one of its emission bands has a very
low intensity, which leads to weak sensitivity to viscosity and poor dynamic range [106].
1.3.9 Comparison of molecular rotors with other methods for vis-
cosity sensing
The molecular rotor approach is one of the most popular techniques for measuring microvis-
cosity. The main advantage of this approach is that it allows viscosity imaging compared to
the ensemble averaging or single point experiments. Most of the other techniques that can be
used for microviscosity sensing do not allow this. NMR and EPR provide an ensemble average
of viscosity in the whole sample. FRAP and conventional FCS provide microviscosity only
in a single location where the bleaching is being done or fluorescence fluctuations are mea-
sured. Measuring microviscosity in multiple locations at once is possible by parallelising FCS
or FRAP but this is experimentally challenging. Single particle tracking (SPT) can provide
microviscosity only in the immediate environment of the tracked particle. If multiple particles
are tracked, microviscosity can be measured in multiple locations but there is a limit on the
density of tracked particles in a sample for a successful SPT experiment. Viscosity imaging by
molecular rotors is achievable by combining them with standard fluorescence or confocal mi-
croscopy, which provides maximum spatial resolution of viscosity image on the order of ∼250
nm. Viscosity imaging is also achievable using fluorescence anisotropy imaging microscopy but
most of the fluorescence signal is lost when calculating fluorescence anisotropy. In contrast, the
total fluorescence signal is used for viscosity imaging using molecular rotors.
In this Thesis, viscosity-sensitive porphyrin dimers are tested for dual mode viscosity sensing
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abilities, with the aim of using these molecular rotors for sensing viscosities in lipid monolayers,
lipid bilayers and living cells. We also aim to examine how microviscosity of the lipid monolayers
and the lipid bilayers are affected by different oxidative processes. Another aim is to test
if various molecular rotors are sensitive to temperature. To the best of our knowledge the
sensitivity of molecular rotors to temperature was not examined prior to this work. However,
this is a very important parameter that can fluctuate in various systems of interest and affect the
viscosity results obtained with molecular rotors. The final aim is to check whether the molecular
rotors can be used for sensing temperature in addition to viscosity in solvent mixtures and in
aqueous aerosol particles few micron is size.
2. Theory
The main topics of this thesis are viscosity-sensitive fluorophores and their applications using
fluorescence microscopy and FLIM. Therefore, this chapter provides an introduction to the
key topics on which the work in this thesis is built. Firstly, a quantum mechanical picture
is given explaining why fluorophores exist in a certain states and providing the basis for the
Jablonski diagram. Then fluorescence and other types of photophysical transitions that can
happen in the molecule are explained. In the next sections, the basics of fluorescence and
multiphoton microscopy, time-correlated single photon counting and FLIM are given. Finally,
a short explanation on how a counter-propagating optical trap works is provided, which was
used to trap aerosols in the work in Chapter 8.
2.1 Basics of photophysics and fluorescence
Fluorescence is an important phenomenon that is used extensively in the work presented in
this Thesis. The following sections explain why the molecules can only exist in certain states
and how interactions with light lead to transitions between these states, one type of which
is fluorescence. Finally, basic concepts such as fluorescence quantum yield and lifetime are
defined.
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2.1.1 Quantum mechanical description
According to quantum mechanics, all atoms or molecules can be fully described using a math-
ematical function called wavefunction, Ψ. If the appropriate operator is used upon this wave-
function, all possible experimental observables can be extracted from it such as energy, angular
momentum, dipole moment, etc. In the case of energy, the widely known Schro¨dinger’s equation
is used for calculating it:
HˆΨ = EΨ (2.1)
Here, Hˆ is the operator called the Hamiltonian acting on a wavefunction Ψ producing the
same wavefunction multiplied by a constant, which is energy of the molecule. For many other
physical quantities a different operator needs to be constructed and used but the form of the
equation remains the same as the Schro¨dinger’s equation:
XˆΨ = xΨ (2.2)
where x is this physical quantity of the molecule of interest and Xˆ is an operator used for
extracting this physical quantity.
One important property of quantum mechanical operators is that only a limited set of wave-
funtions will satisfy the equations 2.1 and 2.2. Such wavefunctions are called eigenfunctions
and the constants produced using equations 2.1 and 2.2 corresponding to physical observables
are called eigenvalues. Existence of a limited set of wavefunctions that are eigenfunctions of
quantum mechanical operator can be more easily understood by comparing it to the following
example: any vector in two-dimensional space can be expressed as a linear combination of only
two basis vectors iˆ and jˆ. Similarly, any wavefunction of a molecule can be expressed as a linear
combination of eigenfunctions of the operator. A limited set of eigenfunctions of an operator
leads to a limited possible number of eigenvalues. In the case of Schro¨dinger’s equation, this
means that the energy of the molecule can be equal only to limited set of values i.e. energy is
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Figure 2.1: The diagram showing standing waves. The allowed wavelengths (λ) of the standing
waves are defined by the length L. The allowed waves are shown on the left, forbidden waves
are shown on the right. The figure was adapted from [107].
quantized. The same is true for any other physical observable. The simpler picture that helps
to imagine this restriction is an oscillation of a standing wave, a rope with its both ends fixed,
for instance. The possible ’wavelengths’ of such oscillation will be restricted by the distance
between fixed end of the rope as shown in Figure 2.1. Similarly, the operator determines the
conditions for a physical system and the wavefunction that correctly describes the actual par-
ticle is limited to a certain number of mathematical functions. The wavefunction has to fit
those conditions, which in turn leads to the fact that all physical observables of the particle are
restricted to a limited set of values.
A wavefunction can be precisely determined for only one- or two-body systems such as a
hydrogen atom, which contains only the nucleus and one electron. The determination of a
wavefunction of a more complicated system with three or more particles such as a helium atom
already poses an unsolvable mathematical task, which is named the ’three-body problem’. This
problem is circumvented by approximating the wavefunctions to describe the helium atom, or
any larger atom or a molecule. A useful approximation that further simplifies the quantum
mechanical calculations of larger molecules is the Born-Oppenheimer approximation [108]. It
allows the expression of a wavefunction of the whole molecule as a product of the nuclear wave-
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function describing only the nuclei in the molecule and the electronic wavefunction describing
the electrons in the molecule. This approximation is based on the fact that the electrons move
a lot faster than the nuclei and the movements of the electrons so the nuclei can be considered
separately. This can be expanded further to separate the electrons, the vibrational and the ro-
tational motion of the nuclei and the electron spin from each other. Thus, the overall molecular
wavefunction Ψ can be expressed in the following way:
Ψ = Ψeχvχrotϕ (2.3)
where Ψe is the electronic wavefunction, χv is the nuclear wavefunction describing the vibra-
tions, χrot is the nuclear wavefunction describing the rotations of the molecule and ϕ is the spin
wavefunction. Equation 2.3 would be correct if, for instance, the vibrations of the molecule
had no effect on the energy of its electrons or if the total spin of the electrons had no effect
on the movement of the electrons. It is not true but those effects are weak enough for the
approximation to be useful. The approximation allows the treatment of vibrations, rotations
of the molecule, movement of its electrons and their spin separately from each other. This also
allows terms like ’electronic state’, ’vibrational state’ to be used separately from each other.
A further approximation allows us to describe every electron separately from each other, which
relies on relatively weak electron-electron interactions [109]:
Ψe = ψ1ψ2...ψn (2.4)
Here, the total electronic wavefunction Ψe is expressed as the product of the single-electron
wavefunctions ψ. A squared amplitude of ψ(r), where r represents the coordinates of the
electron, is equal to the probability of finding the electron at these coordinates. A probability
density map in space can be constructed by evaluating ψ(r)2 at every coordinate, which defines
where the electron can be found in the molecular frame. Such probability density map is called
a ’molecular orbital’. Under the approximation stated in the equation 2.4, shapes and energies
2.1. Basics of photophysics and fluorescence 31
.
Figure 2.2: An example of molecular orbital in 3D coordinates. The orbital is 1σ molecular
orbital in H2 molecule. The brightness of red color is denotes probability density of finding an
electron in particular point in space. Positions of nuclei are shown as black circles.
of the molecular orbitals can be calculated. An example of such orbital is shown in Figure 2.2.
In total two electrons can occupy a single orbital i.e. these electrons can have the identical
probability density distribution in space if their spins are opposite. According to Pauli exclusion
principle [17], no two electrons with the same spin can occupy the same space. Therefore, a
third and fourth electron would have to occupy the second higher energy molecular orbital, fifth
and sixth electron would go into the third molecular orbital and so on. This is called ’aufbau
principle’. In the end, molecular orbital diagram for the molecule can be constructed, which
shows the filled and the empty molecular orbitals sorted according to their energies.
2.1.2 Jablonski diagram and photophysical processes
The Jablonski diagram (Figure 2.3) is a useful way to visualise the transitions that the molecule
can undertake during and after interaction with light. In the Jablonski diagram, all states are
grouped into singlet and triplet states according to the total spin of all electrons. The lowest
energy state of a standard molecule is a singlet state (total spin is 0) because a non-radical
molecule has all its electrons paired in the molecular orbitals of the lowest possible energies.
Higher energy electronic states are created when the electron from a filled molecular orbital is
excited into a higher energy orbital. The molecule can stay either in the singlet state (denoted
as S in the diagram 2.3) or the spin of an unpaired electron can flip (see electronic configurations
in diagram 2.3), causing the molecule to go into the triplet state (denoted as T). The spin of a
single electron is equal to 1/2, therefore the total spin number of the molecule in a triplet state
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Figure 2.3: Jablonski diagram for a typical organic molecule. The singlet and the triplet
electronic states are labeled with S and T accordingly, subscript denotes the excited state level.
The thin lines corresponds to different vibrational levels within the same electronic state. The
electronic configurations corresponding the states are shown on the very left and very right of
the figure. The wiggly arrows denote vibrational relaxation. IC and ISC stand for internal
conversion and intersystem crossing.
is equal to 1.
The thick black lines in diagram 2.3 correspond to the different electronic states of the molecule
with the corresponding electronic configurations shown on the side. The states are labeled S0,
S1, S2, T1 etc. S0 denotes the ground electronic state, S1 denotes the first excited singlet state
and so on. In a Jablonski diagram, each electronic state is split into a number of vibrational
substates shown by the thinner lines, which comes from the fact that vibrations in the molecule
affects its energy to a lesser extent than electrons and from the assumption that the vibrations
can be excited without affecting the electronic state the molecule is in. Similarly, each vibra-
tional state can be further split into a number of rotational states but that is not shown in this
Jablonski diagram.
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The molecule in the ground state cannot jump into the higher energy state on its own. However,
if the molecule interacts with light, which is an oscillating electromagnetic field, a new set of
forces start acting on the electrons and the nuclei. In this new environment, the eigenstates
of the molecule are no longer in the previously described electronic states but they become
linear combinations of the old states i.e. the interaction with the electromagnetic field mixes
the states. If the energy of the photon matches the energy difference between the ground and
the one of the excited states, a molecule goes into the state where it is constantly oscillating
between the pure ground state, the pure excited state and the equal combination of both. This
is caused by the oscillating electric field that drives electrons and vibrations in the molecule at
the frequency of the excitation radiation. Once the excitation light is gone and the molecule is
no longer affected, a significant probability exists for the molecule to be in the excited state.
This process is called absorption, during which a part of electromagnetic field energy is absorbed
by the molecule. It is the fastest out of all photophysical processes described in this chapter
taking place in 0.1 - 1 fs [109]. The probability of absorption is proportional to a quantity
called the transition dipole moment as defined below [109]:
µTDM =
∫ ∫ ∫
Ψ0(x, y, z)µˆΨn(x, y, z)dxdydz (2.5)
Or using more convenient bracket notation :
µTDM = 〈Ψ0|µˆ|Ψn〉 (2.6)
where µTDM is the transition dipole moment, Ψ0 and Ψn are the ground and the n-th excited
electronic states and µˆ is the dipole moment operator. The physical meaning of the transition
dipole moment is an oscillating dipole moment of a molecule created by an interaction with
light. The bigger µTDM is, the stronger is the interaction of the molecule with the excitation
light. Thus, the bigger is the excitation probability.
Together with the electrons in the molecule, the vibrations can be excited as well if they
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lead to a change of a dipole moment when the molecule is vibrating. However, the excess
vibrational energy is quickly lost when the molecules collide into the solvent molecules causing
rapid relaxation to the ground vibrational state within the excited electronic state. In this
situation, the vibrational states are perturbed by the solvent molecules hitting the molecule
of interest, which facilitates the relaxation process. Vibrational relaxation is a relatively quick
process taking place in ∼ 1 ps [109].
If the molecule resides in the ground vibrational state of the second or the higher excited
electronic state, the molecule goes into the first excited electronic state relatively rapidly during
a process called internal conversion (IC). During this process, the energy of the molecule does
not change but its electrons relax into the lower energy level transferring their energy to the
molecular vibrations. Then, the vibrational relaxation occurs and the ground vibrational state
in a lower electronic state is reached. Internal conversion is only possible because the electrons
are slightly affected by the vibrations in the molecule, which mixes the electronic states. The
probability of internal conversion from n-th to (n - 1)-th electronic states is proportional to
[109]:
PIC =
〈
Ψn−1|Hˆv|Ψn
〉
〈χm|χ0〉 (2.7)
where PIC is the probability of internal conversion, Hv is the Hamiltonian operator for the
nuclear motion, Ψn−1 and Ψn are the electronic wavefunctions for the n-th and the (n - 1)-th
states and χ0 and χm are the nuclear wavefunctions for the ground vibrational level in the
n-th electronic state and for the m-th vibrational level in the (n - 1)-th electronic state. The
product
〈
Ψn−1|Hˆv|Ψn
〉
is the same type expression as the one for the transition dipole moment
(Equation 2.6) except here the electronic states are mixed and the transition becomes possible
not due to the perturbation by the electromagnetic field but due to the perturbation by the
nuclear motion. A product 〈χm|χ0〉 is called the Frank-Condon factor [109], which is equal to
the overlap between the initial and the final vibrational states. A large Frank-Condon factor is
crucial for a successful transition. The physical meaning of Frank-Condon factor is a degree of
similarity of the nuclear motion in the initial and the final vibrational states. Highly probable
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transitions require a minimal change in the nuclear motion and the arrangement of the nuclei.
Generally, the Frank-Condon factor decreases with increasing energy gap ∆E between the
initial and the final electronic states [109]:
〈χm|χ0〉 ∝ e−∆E (2.8)
The rationale behind it is that transitions with a large energy gap require more energy to
be transferred into the vibrational motion. This in turn requires a bigger change in nuclear
coordinates during the vibration, which leads to a small Frank-Condon factor. For almost any
organic molecule, the energy gap between the ground and the first excited electronic state is
significantly higher than the energy gaps between any other two adjacent excited states like
shown in Jablonski diagram in Figure 2.3. As a result, if the molecule is excited into the high
energy excited state, it will rapidly relax through series of internal conversions taking place in
100 fs to 10 ps [109] and vibrational relaxations to a first excited state. There, IC is slow and
fluorescence becomes a dominant pathway of relaxation. Therefore, fluorescence almost always
occurs only from S1 state. This is known as Kasha’s rule [110].
Once the molecule is on the ground vibrational level in the first excited electronic state, it
stays there long enough for the process of fluorescence to take place. During fluorescence,
just like during absorption, the excited and the ground electronic states get mixed due to the
perturbation with the electromagnetic field. However, during the absorption the source of the
electromagnetic field is a laser or an excitation lamp. In the case of fluorescence, the presence
of electromagnetic field that perturbs the system is a result of a phenomena termed vacuum
fluctuations [111]. Even in a vacuum a weak electromagnetic field exists, which is equivalent
to a molecule possessing vibrational energy (zero-point energy) even in the lowest vibrational
state. This weak electromagnetic field can interact with the excited molecule and take its
energy away in the form of a photon. The energy of the photon has to match the energy loss of
the fluorescing molecule. This process usually takes 1 - 20 ns if the molecule does not go back
to the ground state via other processes. As the Jablonski diagram in Figure 2.3 shows, a final
state after fluorescence can be a number of vibrational states in the ground electronic state.
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Figure 2.4: A summary of the timescales of the photophysical transitions.
Another process that can happen to a molecule in its first excited state is called intersystem
crossing (ISC). During ISC, the spin of the one of the unpaired electrons in the excited molecule
flips, changing the total spin number of the molecule causing singlet-to-triplet transition to take
place. Here, the process that mixes two different spin states is called spin-orbit coupling. It
is an interaction of a spin, which is also known as an intrinsic angular momentum, with the
orbital angular momentum of an electron. The orbital movement of an electron creates a
magnetic moment, which is sensed by the spin of the electron. When the orbital angular
momentum changes, the change in the magnetic moment affects the spin [109]. There is a finite
probability of the spin changing if the total orbital angular momentum of the molecule changes
thus conserving the total angular momentum of the molecule. The factor, which promotes ISC
the most is the presence of heavy nuclei with a high nuclear charge. The electrons orbiting such
nuclei create much stronger magnetic moment and this leads to a strong spin-orbit coupling.
Another factor already mentioned above, is a change in the orbital angular momentum of the
molecule during ISC. If this does not happen, ISC can also be facilitated by the molecular
vibrations but this will lead to only small ISC probability [109]. The typical rate of ICS is 106
to 108s−1, which means that ICS takes place in 10 ns to 1 µs [109].
After ISC, the molecule resides in the triplet state, where it quickly relaxes down to the ground
vibrational level of the T1 electronic state through IC and vibrational relaxation. The paths for
the molecule to go to the ground S0 state are intersystem crossing to the vibrationally excited
S0 state or radiative relaxation to S0 state, which is called phosphorescence. This process is
very similar to fluroescence, except it requires a spin flip, meaning that it is a lot less probable
and takes a lot longer (10 ms to 10 s [109]).
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Other chemical species present in the solution can also facilitate the relaxation from the triplet
state back to the ground singlet state. One of such molecules is oxygen, which exists in aerated
solutions at ∼ 0.1 - 1 mM concentrations [109]. The ground state of oxygen is a triplet state
(3Σ), from which oxygen can go into the excited singlet state (1∆) upon collision with a molecule
in a triplet state pushing it down to the ground singlet state. The excitation of oxygen to its
singlet state can also happen during singlet-to-triplet transition of the molecule but this process
is a lot less probable due to much shorter lifetime of the excited singlet state compared to the
triplet state [112]. Singlet oxygen is a very reactive molecule, which is used for lipid oxidation
discussed later in this thesis.
As discussed previously, the molecule can take multiple pathways to go back to the ground
state upon excitation. Some of the pathways are radiative, some are not. Fluorescence, which
is a radiative decay pathway is one of the main deactivation pathways when fluorophores are
considered. Two key parameters describing fluorescence are fluorescence quantum yield, which
described the probability of the molecule to emit light and fluorescence lifetime, which describes
how long emission lasts. Fluorescence quantum yield and is defined as:
ϕf =
Nf
Na
=
kr
kr + knr
(2.9)
where ϕf is the quantum yield of fluorescence, Na and Nf are number of photons absorbed and
emitted by the sample, kr is the rate constant for radiative decay (fluorescence) and knr is the
sum of all non-radiative decay rate constants such as for IC back to the ground state or for ISC
to the triplet state or for quenching by another molecule in the solution.
Similarly, fluorescence lifetime τf is defined as:
τf =
1
kr + knr
(2.10)
which tells how long molecule stays in the fluorescent state and how long fluorescence lasts.
Fluorescence decay in time If (t) for a single molecule will be proportional to:
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If (t) = e
−t/τf/τf (2.11)
Since fluorescence of a particular fluorophore has a specific wavelength it can be distinguished
from the other sources of radiation. This is exploited in fluorescence microscopy, which produces
fluorescence images of the sample with the fluorophores either present naturally or introduced
into the sample.
2.2 Fluorescence microscopy
2.2.1 Confocal fluorescence microscopy
The confocal microscope is one of the most widely used types of fluorescence microscope and
which was also used for the work in this thesis. In a fluorescence microscope, the excitation
light (the yellow arrow in Figure 2.5) is sent through the objective and focused on the sample.
The fluorophores in the sample then emit light, which is collected back into the objective. The
excitation light and fluorescence have different wavelengths, which is used to separate them out
by a beam splitter. Finally, fluorescence is sent to the detector and then the whole image is
constructed by rapidly scanning the focal point of the excitation beam over the sample.
The axial resolution of the confocal laser-scanning microscope is greatly improved by using a
confocal pinhole (Figure 2.5). The pinhole transmits only the light coming from the focal plane;
the out-of-focus light is greatly suppressed as shown in Figure 2.5. The final axial resolution
obtained depends on the size of the pinhole, which can be controlled. The resolution increases
by decreasing the pinhole size up to a point when it becomes diffraction limited and further
reduction of the pinhole only leads to the reduction in the signal. The optimal compromise
between the strong signal and the good axial resolution is the pinhole size of 1 Airy unit [113].
The Airy disk is a focused spot of light to a maximum extent, size of which is limited by
diffraction and determined by the wavelength of the light and NA of the objective. Therefore,
a pinhole width of one Airy unit has a size of one Airy disk multiplied by a magnifying optics
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Figure 2.5: The diagram for the confocal fluorescence microscope. Fluorescence is excited by
light (the yellow arrow), which is then separated by a beam splittler (green bar) from the
fluorescence signal. The signal is then sent to the detector. The fluorescece coming out of a
plane that is in focus is shown in red. Light coming from an out-of-focus plane is shown in blue.
Only the light that comes from the focal plane is efficiently transmitted through the confocal
pinhole.
in the microscope. In all experiments confocal imaging was done using a pinhole size of 1 Airy
unit unless stated otherwise.
2.2.2 Multiphoton microscopy
Multiphoton absorption is a nonlinear optical process when two or more photons are absorbed
simultaneously by the molecule. A sum of energies of those photons has to match the energy
gap between the energy states in the molecule as shown in Jablonski diagrams in Figure 2.6. As
a consequence, longer wavelength light needs to be used and it has have a higher power because
multiphoton absorption is significantly less probable than one photon absorption. Furthermore,
a femtosecond pulsed laser is required as two-photon excitation probability is inversely propor-
tional to the squared temporal width of the laser pulse. Nevertheless, a great advantage of
multiphoton microscopy is a negligible excitation probability outside the focal point as shown
in the Figure 2.7. This comes out of the fact that two-photon excitation probability is propor-
tional to the squared laser intensity instead of simply being proportional to the intensity as in
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Figure 2.6: Jablonski diagram for one-photon, two-photon and three-photon excited fluores-
cence. The figure reproduced from [34] with permission of Springer.
the case of one-photon excitation. Therefore, no confocal pinhole is needed for multiphoton
microscopy as good axial resolution is an inherent property of the multiphoton excitation. In
addition to this advantage, multiphoton microscopy is a method of choice for exciting fluores-
cence in tissues as higher wavelength light penetrates deeper. Even imaging up to few mm deep
into a tissue is possible whereas the limit for conventional imaging is on the order of 100 µm
[114].
2.3 Time-correlated single photon counting (TCSPC)
The previous two sections provided basics of two types of fluorescence microscopy, which provide
fluorescence intensity images of the sample. In addition to fluorescence intensity, fluorescence
lifetime is also a useful parameter to measure because it gives information on the environment
of the fluorophore; examples of the uses of fluorescence lifetime are described in section 1.3.7.
The use of lifetime-based molecular rotors is one of the main topics of the work of this thesis.
The main method for measuring fluorescence lifetime is time-correlated single photon counting
(TCSPC), which is described in this section. TCSPC can be combined with fluorescence mi-
croscopy into the technique called fluorescence lifetime imaging microscopy (FLIM), which is
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Figure 2.7: One-photon versus two-photon excitation. Squared dependance of excitation prob-
ability versus light intensity for two-photon excitation eliminates out-of-focus fluorescence. Fig-
ure taken from [34]
described in the following section.
In a usual TCSPC experiment, the sample is a cuvette containing a fluorophore solution. The
fluorophores are excited by a pulsed laser and then they emit fluorescent photons. The time
difference between the arrivals of a laser pulse and a fluorescent photon is measured on the
TCSPC card, whose architecture is shown in Figure 2.9. The signal from the PMT caused by
a fluorescent photon (’start’ pulse) and from the reference photodiode caused by a laser pulse
(’stop’ pulse) first goes to the part of the circuit called the constant fraction discriminator
(CFD), which senses the arrival of both pulses and triggers the rest of the TCSPC circuit.
Since the signal coming from both PMT and the reference photodiode varies in amplitude,
establishing a simple trigger threshold would cause a timing jitter as shown in Figure 2.10 on
the left. In order to avoid this, a signal pulse is shifted in time, inverted and then combined
with the original pulse (Figure 2.10 on the right). The resulting zero cross point is then used
to trigger the circuit and send the signal further into time-to-amplitude converter (TAC).
If the TCSPC card is operating in a normal mode, TAC is started by a signal from the reference
photodiode. This causes the capacitor in the TAC circuit to start charging and generating the
voltage until a pulse comes from a PMT. The resulting voltage will depend on a timing difference
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Figure 2.8: The principle of TCSPC. The arrival times of multiple photons are used for building
up a histogram, which shows fluorescence kinetics. The lifetime can be then extracted from
the fluorescence decay curve. The figure reproduced from B&H TCSPC handbook [115] with
permission.
between the laser pulse and the fluorescent photon. If no ’stop’ signal comes, the TAC then
has to reset and discharge the voltage. During this procedure the TCSPC card is unable to
count photons and therefore time it takes for TAC to reset is called a ’dead-time’. In order to
improve the counting efficiency of the TCSPC cards, most of them are now run in a ’reverse’
mode, when TAC is triggered by a signal from PMT and stopped by a signal from a reference
photodiode. This method exploits the fact that the count rate of fluorescent photons is usually
not more than 1 % of the pulsing rate of the laser. In such case, TAC has to reset itself a
lot less often and the total ’dead-time’ is drastically decreased, which improves the maximum
count rate of a TCSPC card.
The voltage resulting from the timing difference in ’start’ and ’stop’ signals is then passed onto
the biased amplifier (AMP, Figure 2.9) where it gets amplified and checked if it is within the
expected limits. Then the signal proceeds to the analogue-to-digital converter (ADC), where
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Figure 2.9: The architecture of a typical TCSPC card showing its main components. CFD -
constant fraction discriminator. TAC - time-to-amplitude converter. AMP - biased amplifier.
ADC - analog-to-digital converter. The figure reproduced from B&H TCSPC handbook [115]
with permission.
the amplified TAC signal is converted into a memory address for a particular time bin into which
the time delay between ’start’ and ’stop’ signals falls in. As a result of this whole procedure,
a first count of a fluorescence decay histogram is recorded. The procedure is repeated until a
sufficient number of photons is counted as shown in Figure 2.8. All fluorescence decays shown
in this work were recorded using TCSPC technique.
2.4 Fluorescence Lifetime Imaging Microscopy (FLIM)
FLIM is a combination of TCSPC technique and fluorescence microscopy, which allows us to
measure fluorescence lifetimes in every pixel of the image. All FLIM experiments in this thesis
were done using time-domain FLIM technique, which is described here.
In time-domain FLIM fluorescence decays are measured in every pixel of the image. Lifetimes
are then obtained from fitting the decays yielding a fluorescence lifetime image. The principle
behind FLIM is shown in Figure 2.11. Like in TCSPC, the time delay between the laser pulse
and arrival of the fluorescent photon is measured. Additionally, when the fluorescence image is
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Figure 2.10: The principle of CFD. The problem of establishing simple trigger threshold is
shown on the left. The figure on the right shows how the signal is processed in the CFD circuit.
Reproduced from B&H TCSPC handbook [115] with permission.
being acquired by scanning, the information on the location of the pixel being excited is sent
from the scanner to the TCSPC card. In such case, each measured photon can be assigned to
the specific pixel and then fluorescence decays can be built up for every pixel in the image like
shown in Figure 2.11.
Figure 2.11: A principle of FLIM system. The laser excited the sample, which emits photons and
the arrival time of the photons is measured like in TCSPC. Unlike in TCSPC, the information
from the scanner is sent to the TCSPC card, which tells from which pixel the emitted photon
arrived. This allows to build up fluorescence decays for every pixel in the image. The figure
was reproduced from B&H TCSPC handbook [115] with permission.
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2.5 Exponential decay analysis for single decays and FLIM
images
Exponential decay analysis is a crucial part of calculating the fluorescence lifetime from a
TCSPC decay or a FLIM image; no less important than the actual experiment. In TCSPC
and time-domain FLIM, fluorescence lifetime is usually extracted via non-linear curve fitting,
which is not a trivial procedure, especially if the fluorescence decay is multiexponential. If it
is not done carefully, erroneous results may be produced, which may negate the benefits of a
carefully performed TCSPC or FLIM experiment. In this section, I explain how the instrument
affects the shape of the fluorescence decay and how it is fitted.
An exponential decay measured by a perfect TCSPC or FLIM equipment would be simply a
single or a sum of exponential functions. Unfortunately, a ’real-life’ equipment has an error
in measuring photon arrival times, which is caused by a non-infinitesimal temporal width of a
laser pulse and a timing error of the detectors. The latter is caused by a different trajectories of
photoelectrons that are ejected within PMT once the photon hits it. These different trajectories
take different times to travel, leading to errors in measurements. This phenomenon is known
as ’transit time spread’ [115]. If a scattering signal is measured, instead of getting the Delta
function, which would be an idealistic scenario, the obtained result is a Gaussian-like function
called the instrument response function (IRF) whose width defines the temporal resolution of
TCSPC/FLIM instrumentation.
The way in which the IRF of a non-infinitesimal width affects the fluorescence decays is shown
in Figure 2.12. The IRF can be split into an infinite number of delta function IRFs, each having
a width of nearly zero. Each of these IRFs would lead to a measurement of fluorescence decay
that is described by a simple exponential function, as shown in the middle panel of Figure 2.12.
The actual measured fluorescence decay is going to be the sum of all those simple exponential
decays, leading to a result shown in the lower panel of Figure 2.12. If expressed mathematically,
the measured decay is equal to the convolution of IRF and an exponential function as shown
in Equation 2.12.
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Figure 2.12: Effect of IRF on measured fluorescence decay. As a result, the measured decay
slightly deviates from multiexponential function and is a result of convolution of IRF and multi-
exponential function. Figure reproduced from Becker & Hickl handbook [115] with permission.
D(t) =
∫ t
0
E(t′)IRF (t− t′)dt′ (2.12)
Where D(t) is the measured fluorescence decay and E(t) is a real decay.
The method used in fitting fluorescence decays is called the iterative reconvolution method. In
the first step, the exponential function is generated using intial guess parameters, which is then
convolved with the measured IRF. The obtained function is then fitted to the measured decay
via non-linear least-squares fitting and a set of parameters is produced that gives a good fit.
The Levenburg - Marquardt algorithm was used for fitting in this work. A parameter that is
minimized during the fitting is χ2r defined as [34]:
χ2r =
1
n− p
n∑
k=1
(
(Dk − Fk)2
σ2k
)
(2.13)
where D is the measured decay, F is the fit, σ is the predicted noise level, n is the number of
channels and p is the number of fixed parameters. χ2r is a ratio between squared residual of
a fit and a squared noise level predicted for the decay. The main source of noise for photon
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counting experiments is a Poisson noise, the average level of which in a single channel is equal
to a square root of number of counts [34]. Ideally for a good fit, χ2r should be equal to one,
which means that the residual of the fit is not greater than the noise expected for the decay.
The exponential function used for the fitting has the following expression:
E(t) =
n∑
1
(
Ane
−t/τn) (2.14)
where t is time A is amplitude, τ is lifetime and n is a number of exponential components.
Intensity-weighted mean lifetime is a useful parameter to characterise a multiexponential decay
using a single number. It is defined as:
τ¯ =
∑
i aiτ
2
i∑
i aiτi
(2.15)
where τ¯ is intensity-weighted mean lifetime and ai, τi are the amplitudes and the lifetimes of
the individual exponential components. Intensity-weighted mean lifetime was used instead of
amplitude-weighted mean lifetime because this has a lower uncertainty due to noise.
Since the scattering of the excitation laser and background light also contribute to the recorded
decay, the general function used for fitting is shown in Equation 2.16
D(t) =
∫ t
0
E(t′)IRF (t+ ts − t′)dt′ + b+ s · IRF (t) (2.16)
where D is the function for fitting, E is defined in Equation 2.14, b is a background parameter,
ts is a time shift parameter controlling the position of IRF and s is a scattering parameter, which
is used only if a scattered laser excitation light reaches the detector. All lifetimes calculated in
this thesis were obtained by fitting using Equation 2.16.
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Figure 2.13: A counter propagating optical trap. a) The particle is trapped using two laser
beams directed opposite to each other. Figure taken from [116]. b) The optical force on a
trapped particle originating from the intensity gradient of trapping light. The light rays are
shown in black. The optical force is shown in white. Thicker lines decode more intense light
ray and stronger optical force produced. This optical force is responsible of keeping the particle
at the center of the trapping beam. Figure reproduced from [117] with permission from AIP
Publishing LLC.
2.6 Counter propagating optical trap
FLIM experiments on aerosol particles described in Chapter 8 were performed by imaging
optically trapped aerosols. The experimental setup used a counter propagating optical trap.
A diagram of a counter propagating optical trap is shown in Figure 2.13a. The particle is held
together by two focused laser beams opposite to each other. The beams create optical forces
acting on the particle, which can be split into the two components. The first component is
caused by a transfer of linear momentum of photons to the trapped particle, which gets pushed
in the direction of the propagating beam due to the conservation of linear momentum [117].
When the two beams are present, the forces from both laser beams balance out and the particle
gets trapped in between the focal points of both beams. The exact location will be determined
by the power ratio of the beams. The second component is a force perpendicular to the direction
of propagation, which pushes the particle towards the location of stronger electric field located
in the center of the beam. The diagram explaining this force is shown in Figure 2.13b. The
light going through the particle gets refracted because the particle has a different refractive
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index compared to air. The refraction changes the direction of the light ray (Figure 2.13b in
black), which puts an optical force (white arrow in Figure 2.13b) on the trapped particle in
order to conserve the linear momentum. This force pushes the particle to the opposite direction
of the refracted light ray. If light intensity is stronger on one side, this produces a net force
acting on the particle towards the intensity gradient (thicker while line, Figure 2.13b). As a
result, if the particle starts moving to the side, this force returns the particle to the center of
the beam because this is where light intensity is strongest.
This chapter explains the most important theoretical concepts that are required for understand-
ing the work done in this thesis. Additionally, the theory behind experimental techniques used
for producing the results shown in this thesis are explained. The remainder of this thesis shows
the results obtained using fluorescent molecular rotors by TCSPC, fluorescence microscospy
and FLIM techniques.
3. Methodology
3.1 Dyes, solvents and other chemicals
All porphyrin dimers (PD-1, PD-2, PD-3, PD-4), which appear in Chapters 4, 5, 8, 7 were
synthesised previously in Prof. H.L. Anderson’s group as described in the literature [118]. Bdp-
C10 was synthesised previously in our group according to the procedure in ref [119]. Kiton Red
(KR) was obtained from Sigma-Aldrich (95 % purity) in the acid form. Tetraphenylporphyrin
(TPP), tetrakis(4-sulfonatophenyl)porphine (TPPS), and methylene blue (MB) were obtained
from Aldrich (97% purity), Sigma-Aldrich and Hopkin and Williams, respectively. The near
infrared absorbing dye NIR1054B was obtained from QCR Solutions Corp.
The carbon nanoparticles were kindly provided by Prof Milo Shaffer’s group at Imperial Col-
lege London. The nanoparticles were of carbon black type and they were functionalised with
poly(ethylene glycol) methacrylate to increase solubility in water [120]. The nanoparticles were
dispersed in an aqueous solution by sonicating for 10 min and then centrifuging for 15 min.
The lipid stock solutions of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (DPhPC) in chloroform (25mg/mL) were obtained from Avanti
Polar Lipids. Sucrose and glucose were from VWR. NaCl and glutaric acid were obtained from
Sigma-Aldrich. Glycerol was obtained from Alfa-Aesar, methanol, DMSO, toluene, Castor oil
was from Sigma-Aldrich. All solvents were of spectroscopic grade. Deionised water was used
in all experiments unless stated otherwise.
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3.2 Preparation of the lipid monolayers
The lipid monolayers were prepared via the procedure used by Holden et al [121]. DOPC and
DPhPC were obtained from Avanti Polar Lipids as 25 mg/mL solutions in chloroform. Firstly,
the lipid solution in dodecane was prepared by evaporating chloroform off a stock solution of
the lipid and then adding the needed amount of dodecane. The concentration of the lipid in
dodecane was 1 mg/mL. Then the 1 mM stock solution of PD-1 in DMSO was added into the
dodecane solution to reach 3 µM concentration and the solution was sonicated for 5 min at 40
°C. Then 60 µL of the 0.11M KCl solution was added into 500 µL of lipid and PD-1 mixture in
dodecane. The vial was shaken by hand and left to stand for 15 min. Finally, the water droplets
surrounded by the lipid monolayers were formed in the solution, which then were transferred
on a depression slide and imaged under the microscope.
3.3 Preparation of giant unilamellar vesicles (GUVs)
The electroformation method was used for preparing GUVs [122]. Firstly, a 10 mg/mL lipid and
dye solution was prepared in chloroform. 1000:1 lipid-to-dye ratio was used for PD-1 and TPP
dyes. 2 µL of the solution was then spread on indium-tin oxide (ITO) slide on 1 cm2 area and
evaporated under 2 mPa pressure for 30 min. The electroformation chamber was then assembled
using two ITO slides and a polydimethylsiloxane (PDMS) spacer, which was filled with 200 µM
aqueous sucrose solution. The chamber was connected to a TTi TG550 function generator for
1h, which generated 1.2 V alternating voltage at 10 Hz frequency. After the electroformation,
the GUVs were transferred into Lab-Tek chamber slides for imaging containing 200 mM glucose
solution in water.
Bdp-C10 was incorporated into the GUVs either by premixing it with the lipids at 300:1 ratio
or by adding 10 µL of the 50 µL solution of Bdp-C10 in methanol into the 400 µL water solution
containing already made GUVs and leaving it for 1h before the imaging. The method of adding
Bdp-C10 had no visible effect on the GUVs or the fluorescence decays of Bdp-C10.
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3.4 Cell work
The cell imaging experiments were done with SK-OV-3 human ovarian carcinoma cells. The
culturing was done in Dulbecco’s modified Eagle’s medium (DMEM) with 10 % foetal bovine
serum (FBS). The cells were split when confluence reached ∼ 70 %. The cells were incubated
at 37 °C under 5 % atmosphere of CO2. Before imaging, 50 000 cells per well were seeded
into 8-well Lab-Tek chamber slides and left to grow for 24 hours. The cells were stained using
10 µM solution of PD-1 in DMEM with 10 % of FBS and 1 % of DMSO. Before adding the
solution onto the cells it was first filtered through 200 nm filter to remove aggregates and then
warmed at 37 °C for 30 min. The incubation lasted for 24h. The cells were washed with Hank’s
Balanced Salt Solution (HBSS) for 3 times before the imaging.
3.5 Calibration of molecular rotors
The time resolved fluorescence decays of all molecular rotors were measured in solutions of
varied viscosity at varied temperature, in order to establish calibration datasets. The dimers
PD-1, PD-2, PD-4, Bdp-C10 were calibrated in methanol and glycerol mixtures, PD-3 was
calibrated in toluene and castor oil mixtures at room temperature. KR was calibrated in both
methanol/glycerol and water/glycerol mixtures.
The viscosities of water and glycerol, methanol and glycerol, toluene and Castor oil mixtures
were measured by SVM 3000 viscometer (Anton Paar) having 1 % accuracy. The solutions of
the dimers were prepared by dissolving 1 mM stock solution in dimethylsulfoxide (DMSO) in
the solvent of interest. The resulting solutions contained ∼ 0.1 % (v/v) of DMSO, which did
not have any effect on viscosity of the mixture. The solution was then sonicated for two minutes
at 40 °C in order to completely dissolve the porphyrin dimers. Water and methanol was used
as solvents for the the stock solutions of KR and Bdp-C10, respectively. The concentrations of
these dyes in stock solutions was 1 mM.
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Figure 3.1: The optical system of the Agilent UV-Vis spectrophotometer.
3.6 Absorption spectroscopy
Quartz cuvettes were used in all experiments. All absorption spectra were measured using an
Agilent UV-Vis 8453 spectrometer with a diagram being shown in Figure 3.1. The excitation
sources were deuterium and tungsten lamps that produced the radiation over 190-800 nm and
370-1100 nm ranges, respectively. The radiation produced by the lamps was then collimated
by the source lens and proceeded to the sample holder. After passing through the cuvette in
the sample holder, the remaining radiation goes through the spectrograph lens, where it gets
focused on the slit. The slit size is chosen to match the size of photo diodes on the photo diode
array (see Figure 3.1). This makes sure that light after diffraction of the grating is hitting only
the correct photo diode depending on the wavelength. The diode array contains 1024 photo
diodes covering 190 - 1100 nm wavelength range, which gives a sampling interval of 0.9 nm.
Therefore, such optical setup allows measurement of light intensity over the whole wavelength
range at once. In order to obtain the absorption spectra of the sample, a reference needed
to be used, which was a cuvette containing the solvent without the sample. The spectrum of
the light transmitted through the reference is then compared to the spectrum of the sample.
Finally, the difference in these spectra yields the absorption spectrum of the sample.
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Figure 3.2: The diagram of the spectrofluorometer.
3.7 Fluorescence spectroscopy
Fluorescence spectra were measured using the Fluoromax-4 spectrofluorometer (Horiba) with
the 150 W xenon arc-lamp used as an excitation source (Figure 3.2). The radiation was collected
by the eliptical mirror and focused on the entrance slit of the excitation monochromator. Both
the excitation and the emission monochromators are of Czerny-Turner type (Figure 3.3) where
the light collimated by the first curved mirror in the monochromator hits the diffraction grating.
Then the diffracted light is focused by the another curved mirror and finally a rainbow-like
image is produced on the exit slit plane. The wavelength of the output light coinciding with
the position of the exit slit depends on the angle of the position of the diffraction grating,
which can be rotated in order to select the wanted wavelength. The widths of both slits can be
controlled in order to increase the signal intensity at the expense of resolution in wavelength
or vice versa.
The excitation light leaving the monochromator is then focused on the sample. 8 % of the
light intensity is directed onto the reference photodiode, which is used to account for the time
and wavelength-dependent variations of the intensity of the excitation light. The fluorescent
light coming from the sample then goes into the emission monochromator and then finally its
intensity is measured by the signal detector, which is a photomultiplier tube (PMT) sensitive
over the 180-850 nm range. By rotating the grating in the emission monochromator, the
fluorescence intensity is measured at the different fluorescence wavelengths and the fluorescence
spectrum is produced. The final step is a correction of the fluorescence spectrum in order to
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Figure 3.3: The optical diagram of a Czerny-Turner monochromator [124]. A - Incoming light
beam. B - Entrance slit. C,E - curved mirrors. D - diffraction grating. F - Exit slit. G -
Outgoing light beam.
eliminate the effect of the wavelength-dependent sensitivity of the detector.
An excitation spectrum can also be obtained in the same procedure except the excitation wave-
length is scanned, whereas the emission wavelength remains fixed. The resulting spectra show
how the fluorescence intensity at the chosen wavelength depends on the excitation wavelength.
The temperature in the fluorometer was controlled by a Peltier cuvette holder with a thermostat
(F3004, Jobin-Yvon, Horiba). In addition to measuring the fluorescence spectra, the fluorom-
eter was used for measuring the fluorescence quantum yields of Bdp-C10 in our group by Wu
[91]. The standard was fluorescein in aqueous 0.1 M NaOH solution (95 % fluorescence quan-
tum yield) [125]. Refractive index variations of methanol and glycerol mixtures were accounted
for.
3.8 TCSPC, fluorescence microscopy and FLIM setups
3.8.1 Laser table layout
The layout of the laser table is shown in Figure 3.4. The excitation laser for TCSPC and FLIM
experiments is of Ti:sapphire type (Coherent Chameleon Vision II) producing 140 fs pulses at 80
MHz frequency tuned over the 680-1080 nm range. Upon exiting the laser head, the beam goes
through a piece of glass where a small fraction of the laser beam is reflected onto a photodiode for
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Figure 3.4: The layout of the laser table. SHG - second harmonic generator. PC - power control.
M - mirror, RM - removable mirror, FM - flip mirror. P - pinbhole, S - shutter. TCSPC setup
consists of cuvette holder, filter wheel (FW), monochromator (Mono) and detector (PMT).
measuring arrival time of the laser pulse for TCSPC measurements. The main beam then goes
through the power control setup (PC, Figure 3.4), which is composed out of a half waveplate
and a polarising beamsplitter. The waveplate is used for rotating the polarisation of the laser,
which then determines the fraction of light reflected off the beamsplitter. The intensity of the
reflected beam is then measured by the power meter (PM, Figure 3.4), which in turn indirectly
measures the power of the beam transmitted through the beamsplitter if the maximum power
is known. After exciting the power control setup, the beam can be directed through a second
harmonic generator (SHG) (Harmonic, Coherent) where the frequency of the light is doubled
by a non-linear crystal in order to produce excitation wavelength of 340-540 nm range. Then
the beam goes through the set of mirrors and pinholes and it can either be directed towards
Leica SP5-II laser scanning confocal microscope for fluorescence or FLIM imaging or towards
TCSPC setup.
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Figure 3.5: The diagram of Coheren Chameleon Vision II laser head.
3.8.2 Excitation laser
The diagram of Chameleon Vision II laser head is shown in Figure 3.5. The ultrafast cavity
is pumped by a Verdi laser, which itself is pumped by diode lasers. The light of the diode
lasers is directed via a fiber cable into the Verdi laser head, where a Neodymium Vanadate
crystal is used as a gain medium. 1064 nm continuous wave (CW) radiation is produced, which
is then frequency-doubled to 532 nm by a nonlinear lithium triborate crystal. The 532 nm
radiation is then used to pump Ti:sapphire gain medium in the ultra-fast (VPUF) laser head.
The powertrack mirrors (Figure 3.5) are used to keep the optimum alignments of the pump
beam and of the VPUF cavity.
Figure 3.6: Mode-locking in the ultrafast cavity. A) Cross-sections of CW and mode-locked
beams. B) Geometry of the laser beam in the ultrafast cavity.
58 Chapter 3. Methodology
The mode-locking in the ultrafast cavity is achieved by using the optical Kerr effect of the
Ti:sapphire crystal. The refractive index of the crystal increases if a high intensity laser ra-
diation is passing through it. As a result, the center of the beam will experience a higher
refractive index than its outsides and this leads to focusing and narrowing of the beam. The
diameter of CW beam is not affected by the crystal and it stays wide as shown in Figure 3.6A.
An aperture in the cavity (Figure 3.6B) is introduced, which then blocks a greater fraction of
the CW beam compared to the mode-locked beam. This in turn progressively makes the CW
radiation weaker and encourages a greater mode-locking, which then leads to more powerful
laser pulses, stronger optical Kerr effect, narrower laser beam and lesser loss of intensity when
going through the aperture. The degree of mode-locking and the beam diameter progressively
decrease until equilibrium state is reached where the laser is operating in a pulsed mode at 80
MHz frequency.
3.8.3 Confocal microscope, fluorescence and ratiometric imaging
The diagram of a Leica SP5-II microscope is shown in Figure 3.7. The sample can be excited
using either the previously described Ti:sapphire laser, which can provide excitation at 680 -
1080 nm or 340 - 540 nm if combined with SHG or by an internal lasers in the microscope,
which provide excitation at 458, 476, 488, 514, 561, 633 nm. The laser light is then directed to
the objective, which focuses the light onto the sample. The objectives used with the microscope
were of x10 magnification (numerical aperture (NA) = 0.3), x20 (NA = 0.7), x40 (NA = 0.85),
water immersion x63 (NA = 1.2) and x100 oil immersion objective (NA = 1.4). The focal
spot of the laser is then scanned over the sample using tandem scanner with two galvanometric
mirrors (4 in Figure 3.7). Fluorescence from the sample is collected by the same objective and
then sent back into the microscope. The dichroic beamsplitter and the acousto-optical beam
splitter (AOBS) are then used to transmit fluorescence and filter off any excitation light, which
was sent back into the objective. The main component of AOBS is TeO2 crystal, which can
be distorted by an acoustic wave sent through it [126]. Depending on the distortions, light
of a specific wavelength will be refracted away, whereas light at any other wavelength will go
3.8. TCSPC, fluorescence microscopy and FLIM setups 59
Figure 3.7: A confocal fluorescence microscope diagram. 1 - Sample mounted on the coverslip
(2). 3 - Microscope objective. 4 - Tandem scanner. 5 - External Ti:sapphire laser. 6 - Internal
laser. 7 - Dichroic beamsplitter. 8 - Acusto optical beam splitter (AOBS). 9 - Filter wheel. 10
- Prism. 11 - A detector system with three PMTs.
through unaffected. By changing properties of an acoustic wave, AOBS can be tuned to filter
off excitation light of any wavelength at which internal lasers operate.
After going through the AOBS, the light goes through the filter wheel (9 in Figure 3.7) to get
rid of any residual excitation light present. The prism (10, Figure 3.7) is then used to disperse
the fluorescent light onto the detection system with 3 PMT’s (11, Figure 3.7). At the entrance
of each PMT, there is a slit formed by a gap between the two mirrors. The position and the gap
size of the slit can be controlled, which allows the transmission of light of a chosen wavelength
range into a PMT. The remaining light is reflected by the mirrors onto remaining two PMT’s.
Therefore, up to three detection channels can be used at the same time.
The microscope can also be used for obtaining fluorescence spectra. This was done by measuring
a series of fluorescence intensity images of the sample at multiple fluorescence wavelengths. The
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detection window width was 10 nm size and it was slided by 5 nm. Fluorescence intensity was
recorded at every step. Finally, it was plotted with respect to the position of the detection
window, which produced a fluorescence spectrum.
The microscope was also used for measuring ratiometric images required for estimating mi-
croviscosity from fluorescence properties of the porphyrin dimer. The images were obtained
by dividing two fluorescence images obtained at different emission wavelengths. Before the
division, the first step was to threshold out all pixels that do not meet the chosen brightness
requirement. After removing the dim pixels, the image was binned to a chosen extent, which
worsens spatial resolution but reduces noise. Home-written code in MATLAB was used to do
the aforementioned procedure.
The ratiometric calibration of PD-1 for viscosity measurements in lipid monolayers, GUVs
and cells was done by recording fluorescence intensity images at 635-645 nm and 690-700 nm
simultaneously using two detectors. The excitation wavelength was 453 nm. The ratiometric
images of lipid monolayers, GUVs and cells were obtained by using 650-660 nm and 705-715
nm detection windows to account for the solvatochromic shift of the spectrum of PD-1. The
ratiometric images of heated methanol and glycerol mixtures were obtained by dividing the
fluorescence intensity images collected at 635-645 nm and 690-700 nm, which were calculated
from the FLIM images. The signal was averaged over 15 × 15 pixels, in order to reduce noise.
At least 5 000 counts were present in each pixel leading to 1 % error in ratio. The images were
recorded at 400 Hz scanning frequency.
3.8.4 TCSPC measurements
The home-built TCSPC system labeled as ’TCSPC setup’ in Figure 3.4 was used for recording
time-resolved fluorescence decays unless stated otherwise. The system is composed out of
a cuvette holder, a grating monochromator (Omni-λ 150, LOT Quantum Design, DCC-100
detector control module (Becker & Hickl) with a PMC-100-1 PMT (Hamamatsu) connected to
SPC-830 TCSPC card (Becker & Hickl).
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The fluorescence decays of PD-2, PD-3, PD-4 were measured on this TCSPC system. The
temperature of solutions was additionally checked with Digitron 2006L thermocouple. The
decays had at least 10 000 counts at the peak and 1024 time bins were used. The same setup
was used for measuring the fluoresence decays of KR in water and glycerol mixtures. The
excitation wavelength for KR was 540 nm. A 10 nm bandwidth window at 580 nm was used
for detection. The decays of KR had 2 000 counts at the peak and 1024 time bins were used.
The time window was 12.5 ns wide with 1024 channels. The IRF for this setup was obtained
by recording scattering of LUDOX solution in a cuvette.
Bdp-C10 was calibrated previously in the Kuimova group [91] using an IBH 5000F TCSPC
device for measuring fluorescence decays. The dye was excited at 467 nm using a NanoLED
(Horiba) producing pulses of 200 ps temporal width. The fluorescence decays of KR in methanol
and glycerol mixtures were measured using a DeltaFlex TCSPC machine (Horiba) at 560 nm
excitation with a NanoLED (Horiba) producing 1.3 ns pulses. The decays were collected until
they had 2000 counts at the peak. 100 ns time window with 4096 channels was used. Temper-
ature control was done using a circulating thermostat (RE104, Lauda Technology Ltd.).
The fluorescence decays of PD-1 were measured using the FLIM setup described in the following
section. The IRF was obtained by recording the scattering of the glass surface. Methanol and
glycerol mixtures containing PD-1 were kept in Lab-Tek (Nunc, Thermo Scientific) chamber
slides.
3.8.5 FLIM measurements
A Leica SP5-II laser scanning confocal microscope was used for FLIM imaging. All FLIM images
were acquired using 400 Hz scanning rate and using 256 time bins. The IRF was recorded by
measuring scattering of a glass surface. The FLIM images of PD-1 in lipid monolayers, GUVs
and cells were obtained using 453 nm excitation wavelength and 650-660 nm detection window.
The images had 256 × 256 pixels. The FLIM images of GUVs were obtained using the x63 water
immersion objective with half-open pinhole at 300 µm, which increases the signal intensity at
the expense of the axial resolution. The FLIM images of GUVs with Bdp-C10 were measured
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using 480 nm excitation and 510-600 nm detection. The images had 256×256 pixels and 256
bins for fluroescence decays. Binning had to be set to 5×5 pixels in order to have decays with at
least 100 counts at the peak. The IRF was recorded by measuring reflection of a glass coverslip.
The FLIM images of PD-1 in heated methanol and glycerol mixture were obtained using the
heating chamber made out of two 76 × 26 mm Menzel-Gla¨ser microscope slides with the PDMS
spacer in between. Metal clips were used for securing the chamber. The mixture containing PD-
1 was then injected into the chamber and then the chamber was placed under the microscope.
Heating was performed using a copper wire inserted in the chamber, which was wrapped around
an Antex Electronics soldering iron of 25 W power. The FLIM images had 128 × 128 pixels.
The images were binned over 15 × 15 pixel area for obtaining fluorescence decay with at least
1000 counts at the peak. The lifetime error of fitting such decays was 5%.
3.8.6 Irradiation of giant unilamellar vesicles with a photosensitiser
×4-6 zoom was used for selectively irradiating chosen GUVs containing a photosensitiser. The
irradiation wavelengths were 453 nm (PD-1) and 420 nm (TPP, TPPS). The internal microscope
laser was used to excite MB at 633 nm.
3.9 FLIM combined with optical tweezers
The experiments were performed in Central Laser Facility at Rutherford Appleton Laboratories
with the assistance of Dr Andrew Ward and Prof Stanley Botchway. The microscope was
custom-built on a Nikon Eclipse Ti chasis. The counter propagating optical trap was made
by focusing 1064 nm Nd:Yag laser radiation (Ventus 1064, Laser Quantum) through the two
objectives above and below the sample cell opposite to each other. The objectives used were
Mitutoyo M Plan Apo x50 (NA = 0.42) on the top and Leica x63 water immersion objective on
the bottom. The default powers of the downward and upwards trapping beams were 12 mW
and 8 mW, respectively. 3:2 power ratio of the beams was preserved when changing the total
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trapping power. A Fianium Supercontinuum Fibre laser was used for FLIM experiments. Laser
radiation was sent through the bottom objective. The excitation wavelength was selected by
inserting an appropriate bandpass filter in the laser path. PMC-100-1 PMT (Hamamatsu) was
used for detection together with SPC-150 (Becker & Hickl) TCSPC card.
The aerosol particles with KR dye were optically trapped and excited at 560 nm. Fluorescence
of KR was collected using a 570 nm long pass filter. The acquired FLIM image was binned
to make sure each decay in the image contained at least 100 counts at the peak. The images
had 128×128 pixels and 256 time bins. The aerosols were made using a nebuliser connected to
the imaging chamber by a plastic tubing. The imaging chamber was made out of metal and
contained two round openings with glass coverslips stuck on the top and on the bottom for the
optical trapping and imaging. Relative humidity (RH) inside the chamber was controlled by a
combined flow of dry nitrogen gas and wet nitrogen gas that was bubbled through water. MKS
flow controllers were used for regulating the flow rate. SHT075 digital RH meter was used for
measuring RH inside the chamber.
3.10 Data analysis
In FLIM images, it was ensured that all fluorescence decays had at least 100 counts at the peak
for monoexponential and 1000 counts for biexponential fitting. If the number of counts was
not sufficient for decays in the FLIM image, the image was binned to in order to achieve the
appropriate signal. Home-written MATLAB (R2012a, Math-Works) code was used for fitting
the decays of all porphyrin dimers. DAS6 c6.5 (Horiba Scientific) was used for fitting decays
of Bdp-C10 and KR in glycerol and methanol mixtures. SPCImage software (B&H) was used
for analysing the fluorescence decays of KR in water and glycerol mixtures. FLIM images were
analysed using the FLIMfit software tool developed at Imperial College London (v4.6.1) [127].
Other data analysis was done on MATLAB R2012a and Origin Pro 8.6.
4. Porphyrin dimer - a dual-mode
viscosity sensor
4.1 Introduction
Molecules containing a long chain of conjugated double bonds are of interest as organic semi-
conductors, near-IR dyes and as non-linear optical materials. One such molecule, a porphyrin
dimer separated by a butadiyne bridge (Figure 4.1) was synthesised by H. L. Anderson [128].
It was discovered that porphyrin dimers have one of the highest two-photon absorption (2PA)
cross-sections of any organic molecule, which is on the order of 104 GM (Goeppert-Meyer
units) [129]. These extremely high 2PA cross sections initially generated a lot of interest, and
prompted further investigation into porphyrin dimers.
Figure 4.1: First butadiyne-bridged porphyrin dimer reported in the literature. Figure repro-
duced from [128] with permission. Copyright 1994 American Chemical Society.
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Figure 4.2: Viscosity measurement using a porphyrin dimer. a) Viscosity-dependent fluores-
cence spectra measured in methanol and glycerol mixtures. The inset shows calibration relating
ratio of 710 and 780 nm peaks to viscosity. b) Ratiometric fluorescence images (710/780 nm) of
a cell during its death. Orange color denotes higher viscosity. Cell death caused an increase in
viscosity of the cell. Figures reproduced from [5] with permission of Nature Publishing Group.
The experimental work done by Aida and colleagues [130] suggested that the intramolecular
rotation around the central bond of porphyrin dimer has a relatively small energy barrier,
which allows the molecule to rotate around the central bond. Kuimova et al [5] reported that
the rotation is heavily affected by viscosity and this enabled the porphyrin dimer to be used
as a ratiometric molecular rotor. As discussed in section 1.3.6, Introduction, the ratiometric
measurements provide quantitative measurements of viscosity unbiased by the variations of
local concentration of the rotor. The dimer displayed a fluorescence spectrum consisting of
two peaks, the intensity of the peak at 710 nm increased with increasing viscosity, whereas the
intensity of the peak at 780 nm peak was reduced (Figure 4.2a). First, the ratios of the two
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peaks were calibrated in methanol and glycerol mixtures of known viscosity and then the dimer
was used for measuring viscosity in the cell. Interestingly, the ratiometric fluorescence images
(710/780 nm) reported viscosity increase during the death of the cell (Figure 4.2b).
The photophysics of a porphyrin dimer, which lead to its intriguing viscosity sensitivity, were
thoroughly investigated by Winters et al using both experimental methods and theoretical
calculations [131]. The porphyrin dimer investigated by Winters is shown in Figure 4.3a. The
absorption spectrum (Figure 4.3b) shows band at 400-500 nm (Soret band), which consists of
two intense peaks at 457 nm and 491 nm and another band at 650-750 nm (Q band), which has
peaks around 660 nm and 720 nm. When fluorescence was recorded when exciting at 457 nm
or 491 nm the resulting spectra had a small difference in band height around 660 nm as can
be seen from Figure 4.3c. This was further investigated by recording the excitation spectra for
emission peaks at 666 nm and 727 nm, which is shown in Figure 4.3c in dash-dotted and dashed
lines, respectively. There was a very clear difference between excitation spectra, indicating that
at least two separate species are present, each with their own emission and absorption peaks.
The fluorescence kinetics at 666 nm and 727 nm (Figure 4.4) provided additional information.
The decay at 666 nm is biexponential with its main component having a 100 ps lifetime. In
contrast, the decay at 727 nm is a lot longer and also has a rise-time, which matches the
lifetime at 666 nm. This match suggests that the species emitting at 666 nm interconverts into
the species emitting at 727 nm. These species may be different conformers of the porphyrin
dimer.
The theoretical calculations by Winters et al [131] revealed that the emission peak at 666 nm
is of a non-conjugated twisted conformer of the porphyrin dimer, which has its porphyrin rings
perpendicular to each other. Similarly, the peak at 727 nm results from the conjugated pla-
nar conformer. Multiple conformations exist but the fluorescence spectra and kinetics can be
explained by assuming that only two conformations (’twisted’ and ’planar’) are dominant. In
the ground state Winters et al estimated 0.03 eV energy difference between the conformers,
approximately equal to kbT at room temperature, where kb is Boltzmann’s constant, which
means that the rotation is possible at room temperature and both conformers are present. In
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Figure 4.3: Structure of the porphyrin dimer (a) and its spectra investigated by Winters et
al [131]. b) The absorption spectra of the porphyrin dimer. c) The fluorescence and the
excitation spectra of the porphyrin dimer. The emission spectra were recorded upon excitation
at 457 nm (solid line) and 491 nm (dotted line). The excitation spectra were measured when
monitoring emission at 666 nm (dash-dotted line) and 727 nm (dashed line). The right side
of the excitation spectra were magnified by a factor of 2. All spectra were obtained in 2-
methyltetrahydrofuran. The figures are adapted with permission from [131]. Copyright 2007
American Chemical Society.
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Figure 4.4: The fluorescence decays at 666 nm and 727 nm of the porphyrin dimer investigated
by Winters et al [131]. The figures are adapted with permission from [131]. Copyright 2007
American Chemical Society.
Figure 4.5: Photophysics of the porphyrin dimer. If the ’twisted’ conformer is excited selectively,
it may rotate into the ’planar’ conformer in the first excited electronic state, which results in
competing fluorescence at 666 nm and 727 nm. Reproduced from [132] with permission from
the PCCP Owner Societies.
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Figure 4.6: Schematic energy diagram reproduced from with permission from [133] with per-
mission. Copyright 2015 American Chemical Society. The energies of the ground state, first
excited state (Q-band) and a higher excited state (N-band) with respect to the angle between
the porphyrin rings. In the ground state the conformers interconvert, whereas in the first
excited state only the ’twisted’ conformer can convert into the ’planar’.
contrast, the energy difference in the first excited state judging from the peaks in the fluores-
cence spectrum is 0.17 eV (≈ 6kbT). As a result, the ’planar’-to-’twisted’ conversion should not
be possible in the excited state. Conversely, if the ’twisted’ conformer is excited, it will rotate
into the ’planar’ conformer, which explains the delay in fluorescence at 727 nm (Figure 4.5).
The rotation rate slows down with the increasing viscosity of the environment, which is why 666
nm peak is a lot smaller than 727 nm peak if a low viscosity solvent 2-methyltetrahydrofuran
(MTHF) is used (Figure 4.3).
The picture explaining photophysics of the porphyrin dimer used by Winters et al was further
confirmed by the theoretical work of Peeks et al [134] and by the work of Camagro and col-
leagues, who employed two-dimensional electronic spectroscopy [133] and transient absorption
spectroscopy [135] techniques. Their work revealed that the energy gap between the ’twisted’
and the ’planar’ conformers in the ground state at room temperature is approximately ∼ kT
(Figure 4.6), which allows both the ’planar’-to-’twisted’ and the ’twisted’-to-’planar’ transi-
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tions to take place. In contrast, the energy gap becomes ∼ 6kT in the excited state for the
’planar’-to-’twisted’ conversion, which makes it a lot less probable than the ’twisted’-to-’planar’
with its activation energy of only ∼ kT (Figure 4.6). As a result, only the ’twisted’-to-’planar’
conversion takes place in the excited state.
Due to the extremely high 2PA cross-sections, porphyrin dimers also generated interest as
two-photon photodynamic therapy (PDT) agents [136]. PDT is a method for treating cancer,
during which malignant cells containing PDT agents are exposed to radiation. Singlet oxygen,
a reactive cytotoxic molecule, is then sensitised, which goes on to kill the malignant cell. Since
the light usually has to go through tissue in order to reach the tumor, the use of near infrared
radiation for 2PA is favored because it penetrates deeper compared to radiation of a lower
wavelength.
Several porphyrin dimers have showed great promise as PDT agents with high quantum yields of
singlet oxygen sensitization and good uptake by cells [137, 138]. The previously mentioned work
of Kuimova et al, Figure 4.2 combined both uses of porphyrin dimer as a viscosity sensor and
as a PDT agent, where cell death was caused by PDT. This unique combination of properties
of the dimer meant that only one chromophore is required to initiate cell death and to monitor
its effect on the cellular viscosity.
However, we note that the viscosity measurements performed by Kuimova et al were done using
one-photon excitation. Here, we wanted to (i) ascertain whether the dimer is able to work as a
viscosity sensor under the conditions of TPE and (ii) investigate whether the dimer can sense
viscosity via lifetime as well as ratiometrically. We hypothesised that the twisted state can
sense viscosity via lifetime based on the results by Winters and also the mechanism proposed
in Figure 4.5.
There is a high number of fluorescent viscosity probes that have a viscosity-dependent fluores-
cence lifetime [139–141] but only a small number of them can sense viscosity both via lifetime
and ratiometrically [104–106]. They are compared in Table 4.2.3, section 4.2.3. The table
shows the wavelengths for lifetime and ratiometric viscosity sensing together with their dy-
namic ranges for 1 to 1000 cP viscosity range. Unfortunately, none of these molecules are ideal
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Figure 4.7: The fluorescence spectra of a dual-mode molecular rotor reported by Jiang et al
[106], molecule C in Table 4.2.3 in water-glycerol mixtures. The legend shows the glycerol
content of solvent mixtures. The peak at 467 nm has a very low intensity, which complicates
ratiometric viscosity sensing. The figure is reproduced from [106] with permission of Elsevier.
dual-mode sensors. All three molecules exhibit peaks in the 400-500 nm range, which makes
ratiometric viscosity measurements in tissues challenging because it requires the fluorophores
to emit in the red region of the visible spectrum (< 650 nm). In contrast, the emission wave-
lengths for the viscosity sensing via lifetime are above 650 nm for the sensors A and C but
this is not the case for the sensor B (516 nm), which is another disadvantage. In addition, the
dynamic range for ratiometric viscosity sensing is rather small for all three sensors, where the
ratio changes only by a factor of 5-8 for the viscosity change of 1 cP to 1000 cP. An example
of one of these dual rotors is shown in Figure 4.7. The peak at 467 nm used for ratiometric
viscosity sensing is a lot smaller than the other peak at 658 nm and barely larger than the
background, which complicates the ratiometric viscosity sensing.
In this chapter, we examine the fluorescence kinetics of porphyrin dimer PD-1, which is struc-
turally similar to the dimers previously investigated by Winters and Kuimova. PD-1 has
the same porphyrin dimer core (Figure 4.8) but different substituents at the both ends of
the molecule (R in Figure 4.8). The substituents of the dimers investigated by Winters and
Kuimova (structures are shown in Figure 4.3a and in reference [5]) have an additional triple
bond unlike the substituent of PD-1. PD-1 was investigated in methanol and glycerol mixtures
at different viscosities with the goal of understanding how fluorescence lifetime at different
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emission wavelengths is affected by viscosity and to find a method for measuring viscosity with
the porphyrin dimer using both its fluorescence spectra and fluorescence lifetimes. The method
was then tested for measuring viscosities in lipid monolayers, giant unilamellar vesicles (GUVs)
and living cells.
4.2 Results and discussion
4.2.1 Absorption and fluorescence spectra
In order to assess whether the fluorescence lifetime of PD-1 can be used for viscosity sensing,
optimal excitation and fluorescence detection wavelengths needed to be determined first. The
first step towards this goal was measuring its absorption, fluorescence spectra and then also
acquiring the excitation spectra for every peak in the fluorescence spectrum. This revealed a
number of different fluorescent species of PD-1 and the suitable excitation wavelengths for each
of them.
The absorption spectrum of PD-1 (Figure 4.9a) shows a very close similarity to the spectrum
of the dimer investigated by Winters, Figure 4.3b. It has both the B (400-500 nm) and the Q
bands (600-700 nm), which have very similar shapes. The position of the B band is located
.
Figure 4.8: The structure of the porphyrin dimer PD-1 examined in this work. Reproduced
from [132] with permission from the PCCP Owner Societies.
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at almost the same wavelength. In contrast, the Q band is shifted by ca 20 nm to lower
wavelengths compared to the Winters dimer. Overall, the close similarity between the two
absorption spectra suggests that the two dyes have very similar photophysical properties.
The fluorescence spectra in methanol and glycerol mixtures (Figure 4.9b) contain two peaks
at 640 nm and 710 nm. This spectral shape closely matched the ones of dimers investigated
by Winters (Figure 4.3b) and Kuimova (Figure 4.2b). Compared to the dimer investigated
by Kuimova, the peaks are situated at lower wavelengths, which is due to the smaller length
of conjugation in the molecule. For PD-1, the intensity of the 640 nm peak is higher in more
viscous glycerol, whereas the peak at 710 nm is less intense. This is again the same behaviour as
the dimers investigated by Winters and Kuimova show, which suggests that the peak at 640 nm
comes from the ’twisted’ conformer of PD-1 and the peak at 710 nm comes from the ’planar’.
This was confirmed by measuring the excitation spectra in glycerol for both emitting species
(640 nm and 710 nm), Figure 4.9c. The glycerol was chosen because it is highly viscous and
should limit the rate of any transitions between conformers, which may complicate the results.
The excitation spectra closely match the excitation spectra measured by Winters (Figure 4.3c),
which is another indication that the species emitting at 640 nm and 710 nm are the ’twisted’
and the ’planar’ conformers of PD-1, respectively.
The excitation spectrum for the ’twisted’ conformer (green, Figure 4.3c) shows a single peak at
453 nm, which indicates that this is the most suitable excitation wavelength for this conformer.
Similarly, the spectrum in red, Figure 4.3c)) shows that the ’planar’ conformer is best excited at
420 nm or 480 nm. The sum of excitation spectra together closely match the absorption spectra
of PD-1, Figure 4.9a, which means that both conformers are in equilibrium in the ground state.
In conclusion, the absorption peaks at 453 nm in the B band and the fluorescence peak at 640
nm were assigned to the ’twisted’ conformer whereas the peaks at 420 nm, 488 nm in the B band
in the absorption spectrum and the peak at 700 nm in the fluorescence spectrum were assigned
to the ’planar’ conformer. According to Winters, the only conformational transition happening
in the first excited state is ’twisted’-to-’planar’, which suggests that only the ’twisted’ conformer
should be viscosity sensitive. As a result, 453 nm was chosen as the best excitation wavelength
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Figure 4.9: a) Absorption spectrum of PD-1 in methanol. b) Fluorescence spectra of PD-1
in methanol and glycerol mixtures with 70% (purple) and 100% (blue) glycerol excited at 453
nm. In the more viscous 100% glycerol mixture 640 nm peak is more intense than in the 70%
glycerol mixture. The 710 nm shows the opposite trend. c) The normalised excitation spectra
obtained by monitoring the emission at 640 nm (green) and 710 nm (red). The peaks in a) and
b) are labeled by a green and red circles corresponding to the ’twisted’ and ’planar’ conformers,
respectively.
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for viscosity sensing.
4.2.2 Fluorescence kinetics
Next, we investigated the fluorescence kinetics of both conformers and examined how viscosity
affects them. This was done by measuring fluorescence decays at different emission wavelengths
in solvents of different viscosities. PD-1 was excited at 453 nm where the ’twisted’ conformer
absorbs (Figure 4.9c, green) because then the viscosity mediated ’twisted’-to-’planar’ conversion
is expected to happen in the first excited state. However, we note that a small fraction of the
’planar’ conformer is directly excited at 453 nm as well (Figure 4.9c, red).
The decays were measured at emission wavelengths over the range of 630-730 nm in methanol
and glycerol mixtures at viscosities ranging from 0.6 cP (pure methanol) to 1458 cP (pure
glycerol) at 20 °C. The normalized decays are shown in Figure 4.10, which have approximately
10 000 counts at the peak. The decays at 680 nm and above are almost unaffected by viscosity
and this is consistent with the emission of the viscosity-insensitive ’planar’ conformer. The only
way in which viscosity affects fluorescence decays above 680 nm is a slightly delayed fluorescence
at moderate viscosities, which we assign to the molecules twisting into the ’planar’ state from
the ’twisted’ conformation. Interestingly, such fluorescence delay (’rise time’) is not seen at
low (0.6 cP) and high (>70 cP) viscosities. This observation can be explained by the following
reasoning: at low viscosities the ’twisted’-to-’planar’ transition happens fast and out of the limit
of detection of the setup, whereas at high viscosities most molecules in the ’twisted’ state stay
long enough to fluoresce back into the ground state instead of the twisting. In the latter case,
fluorescence decays above 680 nm are dominated by molecules that were directly excited in the
planar state because at the excitation wavelength (453 nm) the ’planar’ conformer absorbs as
well, Figure 4.9c, red.
According to Figures 4.10a and b, the decays at wavelengths below 680 nm are clearly affected
by viscosity and this is consistent with the fluorescence dominated by the ’twisted’ conformer.
This is because at higher viscosities the ’twisted’ conformer stays in the ’twisted’ state for longer
before converting into the ’planar’ conformer, which leads to the longer fluorescence decays.
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Figure 4.10: The normalized fluorescence decays of PD-1 obtained in the methanol and glycerol
mixtures upon the 453 nm excitation. The viscosities are shown in the legend. The detection
wavelengths are shown above the figures. The decays at 640 nm and 660 nm are clearly affected
by viscosity unlike the decays at higher wavelengths. Reproduced from [132] with permission
from the PCCP Owner Societies.
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Figure 4.11: The biexponential fitting results of the fluorescence decays of PD-1. a,b) The life-
times obtained from the decays at low (a) and high (b) viscosities. Their associated amplitudes
are shown in c). The lifetimes and the amplitudes were assigned to the particular conformers
as labeled in the diagrams a) and c). The amplitudes of the ’planar’ conformer are equal to the
amplitude, which remains after subtracting the amplitude of the ’twisted’ conformer or the rise
time from 100 %. The lifetime of the ’planar’ conformer was fixed to a constant value during
the fitting as described in the text except at 1458 cP viscosity. d) Goodness-of-fit parameter χ2r
for all fits. χ2r reached high values at 680-700 nm because the biexponential function was not
appropriate model for fitting the decays to which both the ’twisted’ and the ’planar’ emission
contributes to a similar extent. Reproduced from [132] with permission from the PCCP Owner
Societies.
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All recorded decays were fitted using a biexponential function. The results of the fitting are
shown in Figure 4.11. The decays obtained at 680 nm and lower wavelengths were dominated
by one exponential component with viscosity dependent lifetimes of 0.1-0.9 ns, which had more
than 95 % amplitude in low to medium viscosity mixtures. Therefore, this component was
assigned to the ’twisted’ conformer, which has an emission peak at 640 nm. The other lifetime
component was assigned to the ’planar’ conformer, which was present due to the overlap of
both peaks in the fluorescence spectrum. The lifetime of the planar conformer did not show
any dependence on viscosity.
The decays above 680 nm at lower viscosities exhibited rise time as shown by the negative
amplitudes in Figure 4.11c. As discussed before, the rise time is caused by the twisting of the
molecules to the planar state. This is confirmed by the close match of lifetimes of the ’twisted’
conformer and the rise time recorded at the same viscosities. Since the ’planar’ lifetime did not
show any dependence on viscosity, decays above 700 nm were used for finding it and then the
lifetime was fixed when fitting the decays at other wavelengths in order to obtain more reliable
lifetimes of the ’twisted’ conformer.
The fitting of the decays in mixtures of 73 cP viscosity and higher was complicated by the
similar values of the two lifetimes. In such case, a wider set of fitting parameters can produce
a good fit, which is why the amplitude of the ’twisted’ conformer drops down from ∼ 90-95
% above 73 cP even though one would expect it to increase in the higher viscosities (Figure
4.11b). The decays recorded in solutions of 14 cP and higher viscosities at 700 nm and above
also do not show the rise time anymore because most of the molecules in the ’twisted’ state
decay radiatively before twisting into the ’planar’ state, in which case the decay above 700 nm
is dominated by the molecules that were directly excited in the ’planar’ state.
Figure 4.11d shows goodness-of-fit parameter, χ2r, for all the fits. The worst fits with χ
2
r >2 were
at 670-700 nm were fluorescence from both conformers is strong, the number of exponential
components is higher than two and the biexponential function was not sufficient for a good fit.
Overall, based on datasets shown in Figures 4.10 and 4.11, the best wavelength for lifetime-
based viscosity measurements was determined to be 640 nm due to intense fluorescence and its
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strong viscosity dependence.
4.2.3 Calibration of PD-1
Once we had determined the optimal excitation and detection wavelengths for PD-1, we then
obtained the calibration curves for sensing viscosity ratiometrically and via lifetime.
The lifetime calibration that was obtained from the fitting of the decays at 640 nm as described
above and it is shown in Figure 4.12c. It shows a steady increase of lifetimes with viscosity
giving a dynamic range of 100 ps to 900 ps, which is easily accessible with TCSPC technique
and our FLIM microscope. We also note that the curve shows signs of saturation at high
viscosities, i.e. the lifetime is less sensitive to high viscosities than to the low viscosities.
In addition to the lifetime calibration, PD-1 was also calibrated ratiometrically. First, the
fluorescence spectra of PD-1 were measured in different methanol-glycerol mixtures (Figure
4.12a). The ratio of peaks in the fluorescence spectra has a clear dependence on viscosity
and shows the same behaviour as the dimer used by Kuimova et al, Figure 4.2 [5]. The
ratiometric calibration curve was constructed from the ratio of fluorescence intensities at 640
nm over 695 nm versus viscosity of the mixtures (Figure 4.12c, red). The dynamic range
of ratiometric method was from 0.05 to 1.5. Similarly to the lifetime calibration curve, the
ratiometric curve also showed the ’saturation’ effect at high viscosities. In contrast, the Fo¨rster-
Hoffmann equation [71] (Equation 1.11, Introduction), which is commonly used for fitting the
calibration data of molecular rotors, predicts a linear relationship between the logarithms of
quantum yield and viscosity. In the data recorded for PD-1, the linearity is clearly lost at >100
cP viscosities. Therefore, I have derived a modified Fo¨rster-Hoffmann equation [71] that takes
into account the similarity of rates of both radiative decay and non-radiative relaxation at high
viscosities and then used it to fit the calibration data in the Figure 4.12c.
Fo¨rster-Hoffmann equation is:
logϕf = A+ x log η (4.1)
where ϕf is a quantum yield of fluorescence, η is viscosity, A and x are constants. ϕf is defined
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Figure 4.12: Ratiometric and lifetime calibrations of PD-1. Normalised fluorescence spectra
(a) and decays at 640 nm (b) in mixtures of methanol and glycerol of viscosities shown in the
legend. c) Ratiometric (red) and lifetime (blue) calibration curves. The ratio was calculated
from intensities of both peaks shown in a). Reproduced from [132] with permission from the
PCCP Owner Societies.
as:
ϕf =
kf
kf + krot + knr
(4.2)
where kf is a radiative decay constant, krot is a rate constant of relaxation via rotation, which
is the origin of viscosity sensitivity of a molecule and knr is a sum of all remaining non-radiative
decay constants.
Fluorescence lifetime is then defined as:
τ =
1
kf + krot + knr
(4.3)
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Equations 4.1-4.3 yield Fo¨rster-Hoffmann equation relating fluorescence lifetime and viscosity:
log τ = x log η + A− log kf , or
log τ = x log η + A′
(4.4)
where A’ = A− log kf . Equation 4.4 is only valid if kf + knr  krot and it cannot be used for
fitting the data in 4.12c as it should produce a straight line in a double logarithmic plot. In
addition, Equation 4.4 is correct at the intermediate viscosity regime and it predicts that the
lifetime should increase with increasing viscosity, which is unrealistic since at high viscosities
krot  knr+kf , in which case fluorescence lifetime should asymptotically approach value defined
by kf + knr:
τ∞ =
1
kf + knr
(4.5)
where τ∞ is a fluorescence lifetime at infinite viscosity. As explained before, Fo¨rster-Hoffmann
equation is correct when krot  knr + kf . In such case
log τ ≈ log 1
krot
= x log η + A′,
krot = A
′′η−x
(4.6)
where A′′ = 10−A
′
. Combining Equations 4.3 and 4.6 gives:
τ =
1
A′′η−x + kf + knr
(4.7)
Based on Equation 4.7 the following fitting function was used to fit the calibration data in
Figure 4.12c.
τ =
1
a1ηa2 + a3
(4.8)
where a1, a2 and a3 are fitting parameters. The same function was used to fit both lifetime and
ratiometric calibration data because both parameters show very similar type of dependence on
viscosity as can be seen from Figure 4.12c.
Table 4.1: The key parameters of PD-1 compared to the other dual viscosity sensors reported
in the literature for the viscosity range of 1-1000 cP.
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Dual sensor λem(lifetime) Lifetime range λem(ratiometric)
Ratiometric
range
A, ref [104] 650 nm 0.05-1.6 ns 456, 650 nm 2-12.5
B, ref [105] 516 nm 0.5-11 ns 427, 516 nm 2-10
C, ref [106] 658 nm 0.2-2 ns 467, 658 nm 8-63
PD-1 640 nm 0.1-0.9 ns 640, 695 nm 0.06-1.5
The two obtained calibration curves enabled PD-1 to be used as a dual viscosity sensor for
measuring microviscosity both ratiometrically and by lifetime. The comparison with the other
dual viscosity sensors reported in the literature and discussed in the introduction section is
shown in Table 4.2.3. The main advantage of PD-1 is the positions of both fluorescence peaks
in the red region of the visible spectrum. In addition, PD-1 also has a superior dynamic range
for ratiometric method compared to other sensors; its ratio changes 25 times over 1-1000 cP
range, which is more than for other sensors.
The ability to measure viscosity in two ways is particularly advantageous because these both
methods complement each other. The lifetime method requires longer acquisition time for
counting enough photons for a fluorescence decay. In contrast, the ratiometric method has
a lower signal requirement so a faster acquisition is possible. However, it is less robust than
the lifetime method and can provide incorrect results due to a higher number of factors such
as solvatochromic shift, fluorescent impurities, autofluorescence in the sample. Overall, both
methods can be used for cross-checking the viscosity values they both provide in an unknown
viscosity sample.
4.2.4 Fluorescence properties of PD-1 under two-photon excitation
In this section we examine if fluorescence kinetics are the same upon two-photon excitation and
it the viscosity sensitivity of PD-1 is retained. We also determine whether PD-1 can be used
as a two-photon excitable molecular rotor.
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Figure 4.13: a) Fluorescence decays at 640 nm (a) and spectra (b) obtained after two-photon
excitation at 930 nm in methanol and glycerol mixtures. The ’planar’ conformer dominated the
spectra due its much better 2PA properties leading to a weak signal of the viscosity-sensitive
’twisted’ conformer. Reproduced from [132] with permission from the PCCP Owner Societies
Two-photon excitation is a process when a molecule absorbs two photons simultaneusly as
discussed in Chapter 3. This process is the basis of multiphoton microscopy, which has a
number of advantages over confocal microscopy, such as higher penetration depth of light and
lower phototoxicity. The advantages of multiphoton microscopy can be combined with viscosity
imaging but this requires a molecular rotor with a high two-photon absorption (2PA) cross-
section. Since PD-1 has a very high 2PA cross-section [138], it appears to be an ideal candidate
for viscosity sensing using 2PA and we have investigated its photophysics upon two-photon
excitation.
The viscosity calibration of PD-1 was performed under two-photon excitation, (Figure 4.13)
using 930 nm excitation. This wavelength was chosen because the fluorescence intensity of the
’twisted’ conformer (at 640 nm) was the strongest relative to the fluorescence of the ’planar
conformer (at 710 nm). As can be seen from Figure 4.13, both the fluorescence lifetime and
the spectra of PD-1 show a very weak dependence on viscosity upon two-photon excitation.
This weak dependence of fluorescence parameters of PD-1 on viscosity is likely due to the fact
that the viscosity sensitive ’twisted’ conformer has a significantly smaller 2PA cross-section
due to the loss of symmetry and the breakage of conjugation along the whole molecule [142,
143]. As a result, both the fluorescence decays and the fluorescence spectra are dominated
by the much better two-photon-absorbing ’planar’ conformer (Figure 4.13). This leads to a
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greatly reduced dynamic range compared to the one-photon excitation, which is too small for
a successful viscosity imaging. Hence, we conclude from this data that PD-1 can not be used
as a two-photon viscosity sensor in spite of its high 2PA cross-section.
As a result, PD-1 can be used as a molecular rotor only after one-photon excitation. In the next
few sections, we test PD-1 as a molecular rotor in unknown viscosity samples: lipid monolayers,
lipid bilayers and living cells.
4.2.5 Viscosity of lipid monolayers and bilayers
After calibrating PD-1 in methanol and glycerol mixtures and demonstrating that PD-1 is a
dual viscosity sensor, the next step was to test PD-1 in a microscopic sample of unknown
viscosity. The viscoelastic properties of lipid based systems are of great interest in biology,
materials science and engineering. In the past, molecular rotors were successfully used to
measure viscosity of the lipid monolayers [144], bilayers [91, 92] and cellular membranes [98].
Here, we tested the ability of PD-1 to measure the viscosity of a lipid monolayer made out
of the DPhPC lipid surrounding a water droplet ∼200 µm in size in dodecane. The driving
force of the monolayer formation is a presence of the interface between water and non-polar
dodecane, which favoured by an amphiphilic lipid molecule. DPhPC lipid was chosen because
it is a saturated lipid, which makes it less prone to photooxidation. In addition, it exists in
a liquid disordered phase at room temperature similar to live cell membranes. It is also a
simpler system than gel phase lipids, which are semi-solids and this may lead to difficulties in
incorporating PD-1 inside. PD-1 was incorporated into the lipid monolayer as shown by the
fluorescence image together with the brightfield image (Figure 4.14), which shows that PD-1
stains only the lipid phase and nothing else.
The fluorescence spectrum of PD-1 in the lipid monolayer (Figure 4.15) is red-shifted by around
15 nm compared to the spectrum in methanol and glycerol mixtures. This is likely to be caused
by the different polarities of the environments PD-1 is in. Due to this fact, the detection
windows for both ratiometric and lifetime viscosity estimation were increased by 15 nm to
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Figure 4.14: a) The fluorescence image of the DPhPC monolayer stained with PD-1 obtained
at 480 nm excitation wavelength. b) The brightfield image of the water droplet in dodecane.
c) The merge of a) and b). Fluorescence of PD-1 is clearly seen to be coming from the water
and dodecane interface, where the lipid monolayer is located. Reproduced from [132] with
permission from the PCCP Owner Societies.
650-660 nm for the ’twisted’ conformer and 705-715 nm for the ’planar’ conformer. We assume
that the calibration remains valid in spite of the spectral shift.
The ratiometric images were obtained by dividing the two fluorescence images obtained using
the above described detection windows. Then viscosity values were assigned to every pixel
using the calibration curve on Figure 4.12c, which was measured on the same microscope
setup. Similarly, the FLIM image was obtained over 650-660 nm detection range and then used
for getting a viscosity map with the help of the lifetime calibration curve (Figure 4.12c).
The viscosity maps obtained by both methods are shown in Figure 4.16a. Unexpectedly, each
method gave different viscosity values of the DPhPC monolayer, which were 3.8 cP (ratiometric
method) and 13.3 cP (lifetime method). At the same time, fluorescence decays of the ’twisted’
conformer in the monolayer were biexponential with ∼15% contribution from the ’planar’ con-
former, as compared to 5% or less in methanol and glycerol mixtures. This suggests that when
the lipid monolayer is present, ’twisted’-’planar’ equilibrium is more shifted towards the ’planar’
conformer compared to methanol and glycerol mixtures. In such case, the ratiometric method
would give lower viscosity values because of a stronger fluorescence from the ’planar’ conformer.
We have further investigated whether PD-1 is more likely to adopt the planar confirmation in
the monolayer by recording an intensity pattern in the fluorescence images of the monolayer.
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Figure 4.15: The fluorescence spectra of PD-1 in the different polarity environments: methanol
and glycerol mixture (blue), DPhPC monolayer (red) and water (black) obtained upon 453 nm
excitation. Spectra clearly shifts to the red with the increasing polarity of the environment.
Reproduced from [132] with permission from the PCCP Owner Societies.
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Figure 4.16: a) The viscosity maps obtained by the ratiometric (left) and the lifetime (right)
methods superimposed on intensity images. Average viscosity values with standard deviations
are shown on the images. The viscosity distribution histograms are shown below the maps.
b) The arrangement of PD-1 molecules around the droplet producing intensity pattern seen
in the fluorescence images. Polarisation of the laser light (blue arrow) is shown together with
the excitation transition dipole moment of the molecule (red arrow) in relation to the image.
Reproduced from [132] with permission from the PCCP Owner Societies.
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It can be clearly seen that the droplet shows brighter fluorescence from the sides of the droplet
compared to the top and the bottom (Figure 4.14). This is an indication of the ordering of
PD-1 molecules at the interface. The transition dipole moment for absorbtion is strongest
along the long axis of PD-1 molecule [145] as shown on Figure 4.16b by the red arrow. The
polarisation of a laser beam is parallel to the sides of the droplet (blue arrow, Figure 4.16b).
Therefore, the observed intensity pattern must be caused by the molecules ordering parallel to
the interface. In such case, the molecules with their long axis parallel to the excitation beam
absorb well and produce a stronger fluorescence than the molecules lying perpendicular to the
laser polarisation at the top and the bottom of the droplet. This means that the molecules of
PD-1 instead of being incorporated to the monolayer stick on it side-on in the water phase and
reside in the lipid-head region. We hypothesise that such orientation might favour the ’planar’
conformer, which might result in the larger than expected amplitude of the ’planar’ form.
The fluorescence spectra of PD-1 in Figure 4.15 partially confirms this hypothesis, since the
spectral shift of PD-1 indicates that the molecule is in a less polar environment than water, but
more polar than methanol and glycerol mixtures. The relatively low viscosity values obtained
by both ratiometric and lifetime methods are consistent with this hypothesis. In comparison
to PD-1, BODIPY-based lipophilic viscosity sensors gave 90 cP viscosity in lipid monolayers
(Figure 4.17) and 160 cP in lipid bilayers [91]. The photophysics of BODIPY and the nature
of its sensitivity to viscosity will be discussed in detail in Chapter 6.
Therefore, in the example of PD-1 in the lipid monolayer, the lifetime method produces more
trustworthy results since the additional amount of the ’planar’conformer increases the amplitude
of one exponential component, which is not taken into account when estimating viscosity from
the fluorescence decay. This is not the case when ratiometric method is used. The fluorescence
ratio of both conformers gets biased by the additional amount of the ’planar’ conformer. To
summarise, these results show why it is especially useful to have two methods of measuring
viscosity with the same molecule. It is a more rigorous way, which can expose problems within
the measured sample easier compared to a case when only one method is available.
Next, PD-1 was tested in model lipid bilayers. The lipid bilayers are expected to be significantly
more viscous than the lipid monolayers and we wanted to see if PD-1 can report this higher
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Figure 4.17: Viscosity map (a) of DOPC monolayer measured by BODIPY-based viscosity
sensor Bdp-C++ (b). The mean viscosity value produced by Bdp-C++ is 90±8 cP. Reproduced
from [132] with permission from the PCCP Owner Societies.
viscosity. Giant unilamellar vesicles (GUVs) were chosen as the lipid bilayer model because
they are big enough to be seen under the microscope and viscosity imaging can be performed.
PD-1 was incorporated into DPhPC GUVs and then used for measuring viscosity of the GUVs.
Unfortunately, the fluorescence signal was too weak for measuring FLIM images and, as a result,
only the ratiometric method was used for measuring viscosity. The viscosity image is shown in
Figure 4.18a together with the map of DPhPC monolayer. The intensity pattern of fluorescence
from the GUVs shows the same distribution as in the monolayer, which indicates that PD-1
aligns itself in the same way without getting incorporated in between the lipid molecules. Even
then, PD-1 reports higher viscosity of the lipid bilayer compared to the monolayer, which likely
reflects the slowed down movement of the lipid heads that can be sensed even on the outside
of the bilayer. The fluorescence spectrum of PD-1 in GUVs also shows a higher peak of the
’twisted’ conformer at 655 nm (Figure 4.18b) indicating higher viscosity. In addition, spectral
shift is very similar in both monolayers and GUVs, which means that PD-1 molecules take the
same arrangement with respect to the lipid layer.
The fluorescence decay of the ’twisted’ conformer is also longer in GUVs indicating higher
viscosity. To summarise, PD-1 seems to reside in less viscous lipid ’head’ region [146] in both
lipid monolayers and bilayers as shown by low viscosity values reported. Nevertheless, the
photophysics of PD-1 is still affected by the rigidity of the lipid layer, as indicated by the higher
viscosity obtained in the bilayer compared to the monolayer. We note that the higher viscosity
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Figure 4.18: a) Ratiometric viscosity maps of DPhPC monolayers and GUVs with the his-
tograms at the bottom showing the viscosity distribution. The fluorescence spectra (b) and the
decays at 655 nm (c) of PD-1 in the monolayer and the GUV upon 453 nm excitation. The
viscosity maps, the spectra and the decays indicate higher viscosity of the lipid bilayer than of
the monolayer. Reproduced from [132] with permission from the PCCP Owner Societies.
in the bilayer was independently verified by using alternative BODIPY-based molecular rotor
by Dent et al, which fully incorporates into the lipid structure [92].
In the next section we explored how photooxidant properties of PD-1 can affect the viscosity
of the lipid monolayer when oxidation-susceptible unsaturated lipids are used.
4.2.6 Viscosity of an unsaturated lipid monolayer during irradiation
Porphyrin dimers are known as singlet oxygen photosensitisers. The dimer PD-1 in particular
has a quantum yield of singlet oxygen photosensitisation equal to 0.7 in methanol [138]. Un-
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Figure 4.19: a) Ratiometric viscosity maps of PD-1 in DOPC monolayers (left), DOPC mono-
layers with 0.11 M of NaN3 (middle) and DPhPC (right) throughout irradiation at 453 nm.
Viscosity change in the monolayers during the irradiation is shown in b). The change in vis-
cosity is significant only if the DOPC lipid is used in the absence of singlet oxygen quencher
NaN3. c) The fluorescence decays of the ’twisted’ conformer of PD-1 in DOPC monolayer dur-
ing irradiation. The longer decays indicate increasing viscosity. PD-1 was excited at 453 nm.
Reproduced from [132] with permission from the PCCP Owner Societies.
saturated lipids are susceptible to oxidation by singlet oxygen [147] and this process may affect
viscosity of the lipid monolayer of unsaturated lipids. Previously, a change in cellular viscosity
during the irradiation was observed using a dimer similar to PD-1 [5].
Thus, we set out to measure the viscosity of an unsaturated DOPC monolayer during irradi-
ation with light. Like DPhPC, DOPC is known to be present in a liquid-disordered phase at
room temperature but unlike DPhPC it is unsaturated and may be susceptible to oxidation
by singlet oxygen produced by PD-1 upon irradiation. First, the ratiometric viscosity images
were measured during prolonged irradiation of the DOPC monolayer at 453 nm (Figure 4.19a).
Interestingly, the ratiometric method showed that viscosity was increasing during irradiation.
In order to investigate the origins of this change, singlet oxygen quencher NaN3 was added to
the sample. The increase was a lot smaller in this case (Figures 4.19a, b). When singlet oxygen
resistant saturated DPhPC lipid is used for the lipid monolayer (Figures 4.19a, b), viscosity did
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Figure 4.20: Lifetime (a) and amplitude (b) maps of the ’twisted’ conformer of PD-1 in the
DOPC monolayer during irradiation at 453 nm. The irradiation times are shown at the top
of the images. The lifetime of the ’twisted’ conformer did not change much. In contrast the
amplitude decreased with the increasing irradiation. Reproduced from [132] with permission
from the PCCP Owner Societies.
not change at all. These control experiments show that singlet oxygen in the presence of unsat-
urated lipid molecules is crucial for observing the increase in viscosity during irradiation. This
is consistent with the hypothesis that the observed viscosity change is caused by the reaction
of singlet oxygen with the double bonds in the lipid molecules.
The fluorescence decays and the FLIM images of the ’twisted’ conformer were also measured
during irradiation (Figure 4.19c). The decays got progressively longer, which indicates increas-
ing viscosity. The analysis of the FLIM images shows how the lifetime and the amplitude
of the ’twisted’ conformer changed during irradiation (Figure 4.20). Surprisingly, the lifetime
remained constant, whereas the amplitude decreased. Since the exponential component as-
signed to the ’planar’ conformer has a longer lifetime, an increase of its amplitude resulted in
the appearance of a longer decay as can be seen in Figure 4.19c. Unfortunately, the variable
amplitude during the irradiation complicated assignment of viscosity values, because in the
calibration, Figure 4.12 the amplitude of the ’planar’ conformer was around 5% but in this case
it went up to 50% during irradiation. Therefore, the difference in photophysics of PD-1 during
the calibration and the irradiation were too great for assigning viscosity values with confidence.
Such behaviour could be caused by the shift in equilibrium towards the ’planar’ conformer
during the irradiation, which raises the contribution of the ’planar’ conformer to fluorescence
decays. Nevertheless, the results show that PD-1 can monitor dynamic changes of lipid mono-
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Figure 4.21: The fluorescence image of PD-1 in SK-OV-3 cells. Fluorescence was excited at 453
nm and detected over 600-740 nm range. b) The ratiometric viscosity images of cells with PD-1
during irradiation at 453 nm. Irradiation times are shown at the top of the images. Viscosity
was increasing throughout the irradiation. Reproduced from [132] with permission from the
PCCP Owner Societies.
layer properties during the irradiation caused by singlet oxygen reaction with unsaturated lipid
molecules.
Next, we examine if PD-1 can be used for staining living cells and measuring viscosity in them.
We also measured how viscosity of living cells is affected by photooxidation by PD-1 and if it
also leads in the increase of viscosity like in the case of the lipid monolayers.
4.2.7 Viscosity measurement in living cells
Previous results with another porphyrin dimer measured by Kuimova et al (Figure 4.2) showed
an increase of viscosity from 60 cP to 300 cP in cytoplasm of living cells upon the irradiation
of the dimer, which was attributed to the cross-linking of proteins by singlet oxygen sensitised
by the dimer. Here, PD-1 was tested to see if it can be used for live cell imaging as well and
if it produces viscosity increase in living cells like the dimer reported by Kuimova et al [5]. If
both the former and the latter are true, the goal was to observe viscosity increase using both
ratiometric and lifetime methods.
The incubation of the cells with PD-1 lead to the successful internalisation of PD-1 inside the
cells as shown in Figure 4.21a. The signal of PD-1 from cells was too weak for measuring FLIM
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images and using them to estimate viscosity. Thus only ratiometric viscosity measurements
were possible given their lower requirement for signal intensity. The results of cellular viscosity
measurements using PD-1 during irradiation are shown in Figure 4.21b. The ratiometric vis-
cosity maps show that viscosity was increasing from 5 cP to 13 cP with the measured values
being a lot lower than the ones obtained by Kuimova et al for a structurally similar dimer. Vis-
cosity values can be affected by binding to macromolecules, which may be different for differen
porphyrin dimers. In particular we note that PD-1 and the dimer reported by Kuimova et al
[5] have different length, which might affect their binding or, for example, positioning in the
lipid bilayer. Although it is unclear whether the values reported by the ratiometric detection
show the ’true’ viscosity or some form of surface binding of PD-1, the data indicate that (i)
PD-1 can be used for cell imaging and (ii) irradiation of PD-1 causes an increase in intracellular
viscosity.
4.3 Conclusions
In this chapter, the porphyrin dimer PD-1 was characterised as a dual viscosity sensor with
two-way viscosity sensing abilities: via fluorescence lifetime and ratiometric spectral detection.
Importantly, both methods provide a quantitative way of measuring microscopic viscosity, which
is not dependent on the concentration of the probe used.
The fluorescence decays of PD-1 were measured at different emission wavelengths in different
viscosity environments. The fluorescence decays at wavelengths below 680 nm, where the
viscosity-sensitive ’twisted’ conformer emits, were shown to be very sensitive to viscosity. In
contrast, the fluorescence decays at 680 nm and above, where the ’planar’ conformer emits, did
not show strong viscosity sensitivity. The best wavelength to measure viscosity through the
fluorescence decays of PD-1 was found to be 640 nm, which is significantly further in the red
region of the visible spectrum compared to the existing lifetime-based viscosity probes. Then
PD-1 was calibrated by measuring the fluorescence lifetime at 640 nm in methanol-glycerol
mixtures of different viscosity.
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The ratiometric calibration was done by measuring the ratios of the ’twisted’ (640 nm) and
the ’planar’ (700 nm) peaks in the fluorescence spectrum in methanol and glycerol mixtures of
different viscosity and used as a calibration for further experiments.
The dimer PD-1 was then tested in a sample of unknown viscosity, which was a lipid mono-
layer made out of the saturated DPhPC lipid. Both ratiometric and lifetime methods gave
different viscosity values for this system (3.8 cP by ratiometric and 13.3 cP by lifetime). The
disagreement between the viscosities measured by both methods revealed that the ratiometric
method reported too low a viscosity due to the shifted equilibrium between conformations of
PD-1 in the presence of lipid monolayer compared to methanol and glycerol mixtures during
the calibration. For this particular sample, viscosities measured by the lifetime method were
more reliable.
PD-1 was then tested in model lipid bilayers made out of the DPhPC lipid. PD-1 reported
higher viscosity in the GUVs compared to the lipid monolayer. Additionally, PD-1 reported
an increase in viscosity of the unsaturated DOPC lipid monolayer caused by the oxidation
with singlet oxygen sensitised by PD-1. This increase was not observed in the presence of
NaN3, which is a singlet oxygen quencher and when the saturated DPhPC lipid was used
instead of DOPC. Finally, the ratiometric method was used to measure the viscosity increase
in a cytoplasm of living SK-OV-3 cells under irradiation, which is likely to be caused by the
oxidation with singlet oxygen.
The main advantages of PD-1 over the previously reported dual viscosity sensors are its flu-
orescence in the red region of the visible spectrum and a higher sensitivity of the ratiometric
measurements with a dynamic range of 0.05 to 1.5. It should be noted that while 453 nm was
used to excite the fluorescence of PD-1 in this work due to availability in the lab, it is also pos-
sible to excite the ’twisted’ conformer by 620 nm source. Thus the viscosity-sensing properties
of PD-1 could be fully utilised in tissues and in cells, in the ’tissue optical window’ successfully
avoiding the tissue autofluorescence. Overall, the dual-sensing ability of PD-1 provides a more
rigorous method for measuring viscosities of microscopic objects compared to usual single-mode
molecular rotors.
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The work reported in this chapter was published in A. Vysˇniauskas, M. Balaz, H. L. Ander-
son, and M. K. Kuimova, ”Dual mode quantitative imaging of microscopic viscosity using a
conjugated porphyrin dimer”, Phys. Chem. Chem. Phys., 17, 7548-7554, 2015.
5. Photophysical characterisation of
an extended range of porphyrin dimers
5.1 Introduction
Porphyrin dimer PD-1 proved to be a useful dual viscosity sensor compatible with multiple
systems of interest. However, PD-1 is not a ’perfect’ molecular rotor and it does have properties,
which are not optimal, such as:
a) Sensitivity of the ratio and the lifetime of PD-1 to viscosity and their dynamic ranges.
Overall, sensitivity is quite good i.e. an increase in viscosity from 1 cP to 1000 cP leads to a
ratio increase of ca 20 times and a lifetime increase of ca 8 times. However, an even better
sensitivity would be desirable. In addition, the lifetime of PD-1 seems to have a theoretical
maximum of ∼1 ns (Figure 4.12c). Much higher lifetimes can be comfortably measured by
common TCSPC or FLIM systems and the rotor exhibiting a higher maximum lifetime would
be more desirable.
b) Relatively low sensitivity at high (> 100 cP) viscosity range. Calibration curves of PD-1
(Figure 4.12c) show that both the lifetime and the ratio change slowly with increasing viscosity
at viscosities above 100 cP. At such viscosity values, the lifetime and the ratio start asymptot-
ically approaching maximum possible values. These maximum values are set by the radiative
decay constant of the ’twisted’ conformer. Therefore, a molecule with superior properties to
PD-1 should have to have a slower radiative decay rate or a higher activation energy barrier
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for intramolecular rotation giving rise to the viscosity sensitivity. In such case, the molecule
would be more viscosity sensitive at higher viscosity range.
c) Poor compatibility with the samples containing aqueous environments. While PD-1 was
moderately soluble in water and we were able to incorporate it into live cells and membranes,
the final fluorescence intensity of PD-1 from cells was low (Figure 4.21) even after 24h of
incubation, which limited lifetime imaging. Poor fluorescence intensity indicates that either a
small fraction of molecules made their way into living cells or that most of molecules entered
into the non-fluorescent state possibly due to aggregation.
d) PD-1 exhibit limited solubility in non-polar solvents, which may be the reason why fluores-
cence intensity of PD-1 was low in the lipid bilayers (Figure 4.18), which prevented viscosity
estimation by the lifetime method.
e) PD-1 emits in the red region (630-730 nm) of the visible spectrum. This is beneficial for
measurements in tissues because a higher wavelength light is scattered less and a stronger signal
is expected. However, a molecular rotor emitting at even higher wavelengths would be even
more advantageous for biological applications.
f) PD-1 is poorly sensitive to viscosity upon two-photon excitation (Figure 4.13). Two-photon
excitation can help to achieve higher penetration depth of excitation light in tissues. The
reason for such behaviour is that the ’twisted’ conformer of PD-1 is a lot worse at absorbing
two photon light compared to its planar counterpart.
We set out to investigate whether structural changes to the porphyrin dimer can allow it to
overcome some of the limitations described above. Thus, we investigated porphyrin dimers PD-
2 - PD-4, whose structures are shown in Figure 5.1. Molecular structures of all the porphyrin
dimers are similar but there are key differences from PD-1. PD-2 has an extra triple bond
in the substituent R1 (Figure 5.1), which should shift its fluorescence spectrum to a higher
wavelength due to an increased degree of conjugation. In addition, water solubilising groups
that reduce aggregation are located not on substituent R2 but on R1 and the molecule contains
only hydrogen at R2 position. PD-3 has only hydrogen in R1 position and the same solubilising
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Figure 5.1: Molecular structures of porphyrin dimers PD-1 - PD-4. The data presented in
this chapter for PD-2 and PD-4 were collected by Miss Dong Ding as part of her MSci Thesis
in the Chemistry Department, Imperial College London [148] that she performed under my
supervision.
group in R2 position like PD-1. The lack of positive charge in R1 position should make PD-3
more soluble in the non-polar environments. PD-4 is the porphyrin dimer examined and used
by Kuimova et al for measuring viscosity of living cells [5] and is known to have a higher degree
of conjugation compared to PD-1. PD-4 was already established as a molecular rotor and it
has its fluorescence spectrum at even higher wavelength than the spectrum of PD-1. However,
PD-4 was not examined previously as a lifetime viscosity sensor.
Herein, porphyrin dimers PD-2, PD-3, PD-4 were investigated as both ratiometric and lifetime
viscosity sensors and their properties were compared to those of PD-1. We have investigated
their absorption and fluorescence properties including time-resolved and steady-state fluores-
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cence data. We compare their sensitivity to viscosity using both the ratiometric and the lifetime
methods. Finally, we examined the effect of two-photon excitation on their properties as vis-
cosity sensors.
5.2 Results and discussion
5.2.1 Absorption and fluorescence spectra
Initially, the basic photophysical properties of the porphyrin dimers were investigated by mea-
suring and comparing their absorption and fluorescence spectra. The spectra of all dimers are
shown in Figure 5.2. Methanol and glycerol mixtures were used as a solvents for PD-1, PD-2
and PD-4. In contrast, PD-3 was not soluble in methanol and glycerol mixtures. Therefore,
non-polar toluene and Castor oil mixtures were used providing a viscosity range from 2 cP to
1000 cP. Since the other porphyrin dimers were not soluble in these mixtures, this shows the
higher potential of dimer PD-3 to be used as a viscosity probe in non-polar environments such
as lipid membranes.
The absorption spectra of all dimers display B and Q bands, similarly to PD-1. Peaks in the B
band of dimers PD-1 - PD-3 are very similar and have same position, approximately 420 nm and
480 nm for the ’planar’ conformer and approximately 450 nm for the ’twisted’ conformer. In
contrast, the B band of dimer PD-4 is broader and slightly shifted to higher wavelengths, which
indicates a wider range of conformations present in the solution. Q bands of all dimers also
have similar shapes and are composed of two peaks belonging to the ’twisted’ and the ’planar’
conformers. They are located at 630-650 nm and 690-710 nm in the case of dimers PD-1 - PD-3
and at 700 nm and 760 nm in the case of dimer PD-4. Additionally, the absorbance in the Q
band relative to the B band is two times higher for dimer PD-4. The reason for the ’redshifted’
peaks of dimer PD-4 is a higher conjugation length due to extra triple bonds. Even though
PD-2 also has extra triple bonds, it does not have a ’redshifted’ absorption and fluorescence
spectra. We speculate that the possible reason is the lack of phenyl groups in R2 positions,
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which reduces total conjugation length in the molecule.
Fluorescence spectra of all dimers in Figure 5.2c show a small shift from the Q band in the
absorption spectra. The spectra are composed of peaks originating from the ’twisted’ and
’planar conformers located at 640 nm and 700 nm, 650 nm and 710 nm, 635 nm and 690 nm,
710 nm and 780 nm for dimers PD-1, PD-2, PD-3 and PD-4, respectively. By comparing all
spectra, dimer PD-4 stands out as the molecule most suitable for measurements in tissues due
to positions of absorption and fluorescence spectra at the highest wavelength.
5.2.2 Fluorescence spectra at different viscosities
Chapter 4 described the viscosity-sensitive photophysical behaviour of PD-1, which was found
to work as a molecular rotor using both the spectral ratiometric and the lifetime methods.
The ratiometric viscosity-sensitive properties of PD-4 have been previously published [5]. The
next step was to check if dimers PD-2 and PD-3 also have viscosity sensitive properties like
the dimers PD-1 and PD-4. To achieve this, we examined the fluorescence spectra of dimers
PD-2 and PD-3 at different viscosities and compared them to previously investigated spectra
of dimers PD-1 [132] also discussed in Chapter 4 and PD-4 [5].
Non-normalised fluorescence spectra of porphyrin dimers at different viscosities are shown in
Figure 5.3. It can be seen for each dimer that the peaks corresponding to the ’twisted’ and
the ’planar’ conformers increase and decrease, respectively. As a result, the ratio of the two
peaks changes following a change in viscosity. As explained in the previous chapter, the excited
molecule remains in the ’twisted’ conformation longer at higher viscosity before twisting into the
lower energy ’planar’ conformation, which leads to observed behaviour of fluorescence spectra.
The total area of the fluorescence spectra does not change significantly with increasing viscosity.
This means that viscosity does not affect transition rates from any fluorescent state into a non-
fluorescent state and it only influences the rate of transition between two types of fluorescent
conformers.
The results described above show that the dimers PD-2 and PD-3 can be also used as ratiometric
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Figure 5.2: Absorption (a, b) and fluorescence (c) spectra of porphyrin dimers. Absorption
spectra were measured in 50 % methanol and glycerol mixture (PD-1), in 60 % methanol
and glycerol mixture (PD-2 and PD-4) and in toluene (PD-3). Same solvents were used for
measuring fluorescence spectra except dimer PD-1, which was measured in 70 % Castor oil and
toluene mixture. Excitation wavelengths were 453 nm (PD-1), 450 nm (PD-2 and PD-3) and
473 nm (PD-4). The data for PD-2 and PD-4 were adapted from [148].
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Figure 5.3: Non-normalised fluorescence spectra of dimers excited at the peak of the ’twisted’
conformer in the B band in the absorption spectra at a) 453 nm (PD-1), b) 450 nm (PD-2), c)
450 nm (PD-3) and d) 473 nm (PD-4) (c). Solvents were methanol and glycerol mixtures for
dimers PD-1, PD-2 and PD-4 and Castor oil, toluene mixtures for dimer PD-3 at viscosities
shown as inserts. The data for PD-2 and PD-4 were adapted from [148].
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Figure 5.4: Intensity ratios of ’twisted’ over ’planar’ peaks in fluorescence spectra of dimers
PD-1, PD-2, PD-3, PD-4. Ratios were taken from spectra measured in methanol and glycerol
mixtures over 5 - 90 °C range (dimers PD-1, PD-2, PD-4) and in toluene and Castor oil mixtures
over 20 °C - 40 °C temperature range. The data for PD-2 and PD-4 were adapted from [148].
viscosity sensors in a similar way as PD-1 and PD-4. This was investigated by calculating ratios
between the lower wavelength peak and the higher wavelength peak at different viscosities,
Figure 5.4. Ratios of dimers PD-1 - PD-3 have similar values at all viscosities and the trend of
ratios is very similar. Namely, the ratio increases 10-15 times going from 1 cP to 100 cP but
then the ratio starts asymptotically approaching its maximum possible value, which reduces
sensitivity to viscosity of these molecules above 100 cP. In contrast to dimers PD-1 - PD-3,
dimer PD-4 shows a smaller dynamic range; its ratio only increases approximately 3 times going
from 1 cP to 100 cP. However, it keeps increasing without showing the asymptotic behaviour
displayed by the other three dimers. This indicates that dimer ’twisted’-to-’planar’ transition
in PD-4 is easier and less impeded by increasing viscosity compared to other dimers. Overall,
dimers PD-1 - PD-3 are more sensitive to viscosity than PD-4 below 100 cP. Nevertheless,
PD-4 may be the best dimer to use above 100 cP because its ratio does not start approaching
its maximum value asymptotically unlike the other dimers it does not show the ’saturation’
effect at high viscosities. While we were not able to test higher viscosities above 10 000 cP, we
hypothesise that PD-4 would be the only dimer that can be used at such viscosities. It is likely
that viscosity sensitivity of the other dimers would drop even more above 10 000 cP and PD-4
may have the highest sensitivity of them all.
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5.2.3 Fluorescence decays at different viscosities
In the previous section, we established that porphyrin dimers PD-2 and PD-3 are ratiometric
viscosity sensors like previously investigated PD-1 and PD-4. In this section, we examine
whether fluorescence lifetimes of PD-2, PD-3 and PD-4 are viscosity-sensitive like the lifetime
of PD-1. Even though PD-4 was examined in previous work [5], it was used only as a ratiometric
viscosity sensor and its fluorescence kinetics were not investigated.
We have measured the fluorescence decays of the ’twisted’ and the ’planar’ conformers around
the corresponding spectral maximum of a conformer for each dimer. The results are shown
in the Figure 5.5. Like dimer PD-1, decays of the higher energy ’twisted’ conformer became
progressively longer with increasing viscosity. We assign this increase in lifetime to a progressive
restriction in rotation around the central butadiyne bond, which prolongs the time the molecule
stays in the ’twisted’ conformation. Fluorescence decays at the emission wavelength of the
’twisted’ conformer are biexponential due to a small contribution of the ’planar’ conformer, as
was observed previously for PD-1 (Chapter 4).
Fluorescence decays of the ’planar’ conformer of dimers PD-2 and PD-3 show very weak viscosity
sensitivity, which was also the behaviour shown by PD-1. At moderate viscosities, fluorescence
becomes slightly delayed by slower ’twisted’-to-’planar’ transition but at higher viscosities this
delay disappears because the transition becomes too slow. This occurs because the fluores-
cence decays become dominated by the molecules excited in the ’planar’ state directly due to
the overlap of absorption peaks of both conformers. Such directly excited ’planar’ conformers
have no delay in fluorescence (’rise time’). In contrast to PD-1, PD-2 and PD-3, the behaviour
of the ’planar’ conformer of PD-4 is completely different and it stands out from other por-
phyrin dimers. Fluorescence decays of the ’planar’ conformer become longer with increasing
viscosity, which mirrors the trend shown by ’twisted’ conformers of all dimers. This means
that a viscosity-dependent pathway exists for deactivation of the ’planar’ porphyrin dimer in
its first excited state not seen in other porphyrin dimers. This intriguing feature of dimer PD-4
is potentially advantageous because it enables the whole fluorescence spectrum to be used for
viscosity measurements via fluorescence lifetime.
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Figure 5.5: Fluorescence decays of the ’twisted’ and the ’planar’ conformers of dimers PD-1 -
PD-4 at 20 °C temperature. Excitation wavelengths were 453 nm (PD-1), 450 nm (PD-2, PD-3)
and 473 nm (PD-4). Fluorescence was detected at 640 nm and 700 nm (PD-1), 650 nm and 710
nm (PD-2), 630 nm and 700 nm (PD-3), 710 nm and 780 nm (PD-4) from the ’twisted’ and
the ’planar’ conformer, respectively. Detection bandwidth was 10 nm. Solvents were methanol
and glycerol mixtures for dimers PD-1, PD-2, PD-4 and toluene and Castor oil mixtures for
dimer PD-3. Fluorescence decays of dimer PD-1 are normalised to 1 and approximately had
10 000 counts at the peak. The data for PD-2 and PD-4 were adapted from [148].
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Figure 5.6: Fluorescence lifetimes of ’twisted’ conformations of all four dimers. The lifetimes
were obtained from fluorescence decays in Figure 5.5. The data for PD-2 and PD-4 were
adapted from [148].
Viscosity-dependent fluorescence lifetimes of the ’twisted’ conformer of all dimers are compared
in Figure 5.6. The data shown in Figure 5.6 clearly demonstrate that the decays of the ’twisted’
conformers of all dimers can be used for viscosity measurements. The lifetime change is similar
for all dimers over the same viscosity range, which means that all dimers exhibit similar dynamic
range and lifetime sensitivity to viscosity. At a moderate viscosity range (10 - 300 cP) dimer
PD-4 has the shortest lifetimes (100-400 ps), then lifetimes of dimers PD-2 and PD-1 follow and
finally dimer PD-3 has the longest lifetimes (400-1200 ps). The lifetime changes of dimers PD-1
- PD-3 show asymptotic behaviour at viscosities above 100 cP, where sensitivity to viscosity
drops and decreases the applicability of the dimers at this viscosity range. In contrast, dimer
PD-4 does not show such behaviour, which makes it the best lifetime-based viscosity sensor
above 100 cP, similarly to what was observed for the ratioemtric experiments.
Detecting a lifetime signal over a larger spectral range than just that of the ’twisted’ conformer
is potentially advantageous since it increases the signal intensity collected and allows us to
record over the red-shifted ’planar’ spectral range that enables better tissue penetration. The
possibility of using the whole fluorescence spectrum for detecting viscosity with PD-4 was tested
and the results are shown in Figure 5.7. The fluorescence decays show clear dependence on
viscosity as expected. Since all possible conformations of dimer PD-4 were contributing to
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Figure 5.7: a) Viscosity-dependent fluorescence decays of dimer PD-4 detected over the whole
fluorescence spectrum (680 -800 nm). Biexponential function was used for fitting the decays, the
intensity-weighted mean lifetimes are shown in b). The mean lifetimes increase with viscosity
and can be used for viscosity estimation.
the measured fluorescence and they are not all expected to have same fluorescence lifetime,
monoexponential decay could not be used to obtain a good fit but biexponential function was
sufficient. Intensity-weighted mean lifetime was calculated from the two obtained lifetimes
and it is shown in Figure 5.7b. The results show that the fluorescence decays obtained using
the whole spectrum of dimer PD-4 are viscosity-sensitive and can indeed be used for viscosity
estimation.
5.2.4 Fluorescence decays of PD-4 upon two-photon excitation
Two-photon microscopy has a number of advantages over conventional one-photon microscopy.
Near infrared radiation used for the excitation can penetrate deeper into tissue, the phototox-
icity is lower and the background fluorescence is weaker. As discussed in section 4.2.4, PD-1
cannot be used as a viscosity probe using two-photon excitation because the viscosity sensitive
’twisted’ conformer has a lot smaller 2PA cross-section than its ’planar’ counterpart. Fluo-
rescence decays of PD-4 (Figure 5.5) suggest a way to circumvent this problem. The planar
conformer of PD-4 shows viscosity sensitivity, which should enable PD-4 to be viscosity-sensitive
upon two-photon excitation, since it is expected that the ’planar’ conformer of the dimer has
a high 2PA cross-section [149]. Therefore, we have tested whether the viscosity sensitivity of
PD-4 is preserved upon two-photon excitation. The data is shown in Figure 5.8. Unfortunately,
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Figure 5.8: Fluorescence decays of dimer PD-4 excited at 900 nm by two photons in methanol
and glycerol mixtures of shown viscosity. Fluorescence was detected at 780 nm were the ’planar’
conformer emits. The decays are very weakly affected by different viscosities. The data were
adapted from [148].
as can be seen from this data, fluorescence decays upon two-photon excitation show almost no
viscosity dependence unlike using conventional excitation.
The results suggest that a different set of conformers is excited during two-photon excitation
compared to the one-photon case. The long length of conjugation in the molecule is a crucial
requirement for a high two-photon absorption cross-section [142, 149]. Thus, the fluorescence
kinetics following 2PA are expected to be dominated by fully conjugated conformers. The
fluorescence decays of the ’planar’ conformer both at one-photon (Figure 5.5) and two-photon
excitations (Figure 5.8) were detected at 780 nm where only the ’planar’ conformer emits.
Therefore, the difference in fluorescence kinetics upon one and two-photon excitations must be
a result of different subsets of the excited ’planar’ conformers. These subsets may result from
the rotation of the phenyl groups located at the ends of PD-4. One-photon excitation should
be similarly efficient for all conformers resulting from the rotation of phenyl groups as shown
by the blue arrow in Figure 5.9. In contrast, fluorescence from the conformers with phenyl
groups rotated out of conjugation should be dominated by a completely conjugated conformer
upon two-photon excitation (brown arrow, Figure 5.9).
The energy of the fully conjugated conformer should be the lowest because of energy gain
due to conjugation and the lack of steric hindrance that could prevent rotation of the phenyl
groups. In this case, the conformers with their phenyl groups out of conjugation should rotate
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into the fully conjugated planar conformer in the excited state. The fluorescence decays of the
’planar’ conformer after two-photon excitation at all viscosities (Figure 5.8) are shorter than
all one-photon excited decays, Figure 5.5, except the one at lowest viscosity (6.5 cP). Since
two-photon excitation should excite only the fully conjugated conformer, this suggests that it
has faster non-radiative decay rate back to the ground state compared to the other conformers.
At higher viscosities one-photon excited fluorescence decays are longer, which means that the
other sub-conformers of the ’planar’ state exist for longer. As a result, at higher viscosities the
rotation of phenyl groups gets restricted and fluorescence lifetime increases. This hypothesis is
explained in the Figure 5.9.
Overall, I hypothesise that the rotation of phenyl groups at both ends of the molecule into
a full conjugation enables additional non-radiative pathways back to the ground state. This
may explain why dimer PD-4 has the shortest lifetimes compared to other dimers. The reason
why ’planar’ conformers of the other dimers are viscosity insensitive may be the lack of phenyl
groups (PD-3), phenyl groups locked out of conjugation because of bulky substituents (PD-2)
or lack of triple bonds near phenyl group (PD-1).
5.3 Conclusions
In this chapter, porphyrin dimers PD-2 - PD-4 were tested to check for possible advantages
over dimer PD-1. All dimers have the same core that enables the viscosity sensitivity but dif-
ferent substituents on the periphery of the porphyrin dimers that can affect their solubility and
photophysical properties. Absorption and fluorescence spectra were examined first. All dimers
exhibit B and Q bands in the absorption spectra, which is characteristic of porphyrin com-
pounds. The fluorescence spectra consisted of two peaks, which are produced by the ’twisted’
and the ’planar’ conformations of the dimers. PD-4 stood out compared to the other dimers
because its fluorescence spectra is located at the highest wavelength, which is potentially an
advantage for deep tissue viscosity sensing. Solubility in different polarity solvents was also
tested. PD-3 is the only dimer soluble in the non-polar solvents, which may be advantageous
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Figure 5.9: Diagram proposing explanation for observed differences in fluorescence kinetics of
PD-4 upon one- and two-photon excitations. Conformers of excited PD-4 are split into three
groups: the ’twisted’ conformer, which has its porphyrin rings perpendicular to each other,
the ’planar’ conformer, which has its porphyrin rings in conjugation but its phenyl groups are
out of conjugation and the ’fully planar’ conformer in which both porphyrin rings and phenyl
groups are conjugated. The only spectroscopically distinct species are the ’twisted’ and the
’planar’ porphyrin ring conformers. While the phenyl twisting does not result in any change
in the emission wavelength, apparently it affects the conjugation and the TPA cross section.
One photon excitation (1P, blue arrows) leads to all conformations being excited. In contrast,
only the ’fully planar’ conformer is excited by two-photon excitation (2P, brown arrow). The
’twisted’ conformer fluoresces at 710 nm and it can go into the ’planar’ state via viscosity-
mediated twisting of porphyrin rings. The molecule then fluoresces at 780 nm. The molecule
can then go into a ’fully planar’ state via twisting of the phenyl groups, which is also viscosity-
mediated process. Fluorescence wavelength remains the same but its lifetime is shorter than
previously. As a result, the two-photon excited fluorescence decays are short and not sensitive
to viscosity, unlike the one-photon excited decays.
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for membrane viscosity imaging.
Next, fluorescence spectra and decays of the dimers were examined at different viscosities. All
dimers behaved as ratiometric viscosity sensors and showed similar sensitivity except PD-4,
which was slightly less sensitive to viscosity in the low-moderate viscosity range (< 1000 cP).
The fluorescence decays of the ’twisted’ conformations of all dimers were viscosity-sensitive
and their lifetime increased with increasing viscosity. The sensitivity of PD-1, PD-2 and PD-3
drastically decreased above 100 cP but the lifetime of dimer PD-4 stayed sensitive to viscosity
to the same extent over the whole range of viscosities examined, 1 to 10 000 cP. The decays of
the ’planar’ conformations of PD-2 and PD-3 did not show any viscosity sensitivity. However,
the ’planar’ conformer of PD-4 was sensitive to viscosity, which made the whole fluorescence
spectrum of PD-4 useful for viscosity estimation via the lifetime method. This unique be-
haviour of the ’planar’ conformation of PD-4 judging from the structural differences between
all porphyrin dimers is likely to be a result of viscosity-mediated rotation of phenyl groups
located at both ends of the molecule. Viscosity sensing abilities of PD-4 were examined upon
two-photon excitation as well. Surprisingly, the fluorescence decays of PD-4 did not show any
viscosity sensitivity upon two-photon excitation.
In conclusion, each examined dimer was shown to be a dual-mode viscosity sensor. This means
that conjugated porphyrin rings with a butadiyne group in between is a key structural detail
for designing dual-viscosity sensors. This indicates that synthesis of new porphyrin dimers may
lead to new and better molecular rotors for multiple different environments.
6. Viscosity change of lipid bilayers
during oxidation
6.1 Introduction
In Chapter 4, it was discovered that molecular rotor PD-1 can determine and track viscosity
changes during oxidation of the unsaturated lipid monolayers. However in Chapter 4 the
molecular rotor PD-1 was both the photosensitiser and the sensor molecule. In this chapter we
decouple the function of molecular rotor and photosensitiser. We use molecular rotor Bdp-C10
to examine viscosity of unsaturated lipid bilayers in the conditions of oxidative stress.
Unsaturated lipids are essential components of biological membranes. By definition, they con-
tain double carbon-carbon bonds, which are weaker than single bonds. This makes them
susceptible to oxidation by singlet oxygen or oxygen-based radicals collectively termed as reac-
tive oxygen species (ROS). Oxidised lipids are important for regulating immune response [150]
but in general they tend to disrupt membrane functions, which contributes to aging, Parkin-
son’s, Alzheimer’s, atherosclerosis and cancer [151, 152]. Therefore, understanding the change
of membrane properties during oxidation is an important component in the investigation of
mentioned diseases.
Despite all the negative effects caused by membrane oxidation, it is a key process during photo-
dynamic therapy (PDT), a technique used for cancer treatment. During PDT, a photosensitiser
is applied to a target area. The malignant cells are then exposed to radiation, which excites
112
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Figure 6.1: Jablonski diagram for sensitisation of singlet oxygen. Upon excitation molecule
relaxes to first excited singlet state S1 via internal conversion (IC). Intersystem crossing (ISC)
takes the molecule to a triplet state in which it can excite oxygen to a singlet state by energy
transfer. The singlet oxygen molecule then can react as an oxidant. Reproduced from [112]
with permission from the Royal Society of Chemistry.
photosensitisers and which produces ROS. This then starts apoptotic or necrotic processes in
malignant cells, the first part of which is believed to be a membrane oxidation [147, 153].
Excited photosensitisers can create ROS via two pathways: Type I and Type II processes.
So called Type I process occurs when an excited photosensitiser acts as an electron donor or
abstracts a hydrogen atom creating radicals in the process. A double bond in a lipid molecule
is attacked by the radicals, which leads to its scission [154]. During Type II process, the
excited photosensitiser intersystem crosses from the first excited singlet state S1 into a triplet
state T1 (Figure 6.1). In a triplet state, it is capable of exciting a ground triplet state oxygen
molecule into a singlet state. The photosensitiser itself relaxes back to a singlet ground state
thus conserving total spin angular momentum. An oxygen molecule in its singlet state is very
reactive and capable of oxidising unsaturated lipids (M in Figure 6.1) [112] by attacking double
bonds in lipid molecules. The oxidation to peroxides occurs in ’-ene’ type reaction [155], Figure
6.2a, without cleavage of double bonds [156, 157].
The effect of oxidation of lipids was investigated previously using giant unilamellar vesicles
(GUVs), which are 1-100 µm in diameter and are big enough to be seen under a light mi-
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Figure 6.2: a) The peroxidation mechanism by singlet oxygen. b) The diagram showing increase
of area taken by a lipid molecule after oxidation by singlet oxygen. The double bond reacts
with singlet oxygen leading to peroxide group formation, which then diffuses to polar lipid head
region. Reproduced from [159] with permission from the Royal Society of Chemistry.
croscope. In previous studies using porphyrin-based photosensitisers, Type II oxidation of
GUVs composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) lipids resulted in rapid membrane fluctuations, budding,
leakage of lipid material and increase of area of lipid membrane [158, 159] observed by bright-
field microscopy. In contrast, type I oxidation by methylene blue (MB) of DOPC and POPC
GUVs led to pore formation in the membrane and complete permeability in addition to all the
above mentioned effects [160]. The increase of the membrane area during Type II oxidation
was explained by movement of hydroperoxide group on the lipid molecule to the polar surface
of the membrane [159], bending the lipid chain and taking up more area as shown in the Figure
6.2. Thus, fluctuations of membrane during oxidation are likely to be caused by rapid rear-
rangement of lipid molecules during oxidation. When further oxidation occurs during Type I
process, the lipid tail gets cleaved leading to a more serious distruption of membrane and pore
formation.
Bdp-C10 (Figure 6.3 a) is a boron-dipyrrin (BODIPY)-based viscosity sensor previously used
for measuring viscosity in model lipid membranes and living cells [89, 91, 92]. We set out to use
it in GUVs during lipid oxidation in Type I and II reactions. Bdp-C10 has a viscosity sensitive
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Figure 6.3: a) Molecular structure of molecular rotor Bdp-C10. b) Result of molecular dynamics
simulations of Bdp-C10 incorporated in DOPC lipid bilayer. Molecular rotor clearly resides in
the lipid tail region. Reproduced from [92] with permission from the PCCP Owner Societies.
.
Figure 6.4: Energy surface of BDPY’ in its ground and first excited electronic states. Red and
purple denotes low and high energies, respectively. Local (M) and global (R) energy minima
are labeled on S1 surface. Reproduced with permission from [161]. Copyright 1998 American
Chemical Society.
lifetime, which allows it to be used for measuring viscosity using FLIM. In addition, molecular
dynamics calculations demonstrate that Bdp-C10 localises within the lipid tail region of the
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lipid bilayer [92], Figure 6.3 b. Its photophysics can be understood by examining another
BODIPY-based molecule N,N-difluoroboryl-5- phenyldipyrrin (BDPY’) very similar to Bdp-
C10, which was investigated by Li et al [161]. The structure of BDPY’ and its potential energy
surfaces of both ground and electronic states as investigated in ref [161] are shown in Figure
6.4. In the ground state, the molecule has its BODIPY core in a flat conjugated state with
the phenyl ring rotated by 52 degrees to the plane where the BODIPY core lies (red area on
the S0 potential energy surface in Figure 6.4). Upon excitation to S1 state, the molecule goes
into local energy minima labelled M in Figure 6.4, where the phenyl ring rotates to 37 degree
angle to the BODIPY core. The molecule can then either fluoresce or go into the global energy
minima labelled R in Figure 6.4 where the phenyl ring rotates into plane of BODIPY core
but the core itself buckles as shown on the diagram in Figure 6.4. The molecule is no longer
fluorescent in state R and it decays non-radiatively. Viscosity can affect the rate of transition
from state M to R, which in turn will affect fluorescence properties of the molecule.
Figure 6.5: Molecular structures of molecular rotor and photosensitiser PD-1 together with
Type II photosensitisers TPP, TPPS.
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Figure 6.6: Molecular structures of mixed Type I and Type II photosensitiser Methylene Blue
(MB).
In this chapter, we used GUVs as model membranes for studying membrane oxidation. The
reason for choosing GUVs over small (SUV) or large (LUV) unilamellar vesicles is their size
(∼ 10µm), which allows them to be seen on the light microscope. In addition, GUVs are large
enough to be oxidised and studied individually with good spatial resolution as opposed to en-
semble averaging experiments. Unsaturated and, therefore, singlet oxygen-susceptible DOPC
lipid was used for making the vesicles. First, three porphyrin-based photosensitisers were used
for lipid oxidation: porphyrin dimer PD-1 already described in chapter 4, non-polar tetraphenyl-
porphyrin (TPP) and water-soluble tetrakis(4-sulfonatophenyl)porphine (TPPS) (Figure 6.5).
These photosensitisers were chosen for investigating the effect on oxidation when the photo-
sensitiser is in a different location in relation to the lipid bilayer. PD-1 is likely to be bound
to lipid head groups, as indicated by results in Chapter 4. Non-polar TPP is likely to reside
in the lipid tail region, whereas hydrophilic TPPS will be outside the lipid bilayer dissolved in
the outer water solution. All these photosensitisers were expected to oxidise lipids in the Type
II pathway [162].
The effects of different types of oxidation (Type I or Type II) on membrane microviscosity was
also studied. For examining Type I oxidation, methylene blue (MB) was used (Figure 6.6) as
it is known to have mixed Type I and Type II oxidant properties [160].
Absorption spectra of all photosensitisers and Bdp-C10 are shown in Figure 6.7. All photo-
sensitisers except PD-1 have negligible absorption at excitation wavelength of Bdp-C10 (480
nm) so they are not expected to interfere with the fluorescent signal of Bdp-C 10 at 480 nm
excitation. PD-1 absorbs at 480 nm but it emits at ∼ 150 nm higher wavelength than Bdp-C
10 Figure(4.9b), so it does not interfere with the Bdp-C 10 signal either.
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Figure 6.7: Normalised absorption spectra of molecular rotor Bdp-C10 (dark green) in methanol,
porphyrin dimer PD-1 (yellow) in methanol, Type II photosensitisers TPP (black), TPPS (red)
and mixed Type I, Type II photosensitiser MB (blue) in water. Irradiation wavelengths for
PD-1, TPP, TPPS, MB (453 nm, 420 nm, 420 nm, 633 nm respectively) are shown as black
arrows together with excitation wavelength for Bdp-C10 (480 nm). The figure is adapted from
Vysniauskas et al [163].
In summary, in this chapter changes in membrane viscosity were studied using oxidants localised
in various locations relative to the lipid bilayer. The oxidants possessed different (Type I or
Type II) oxidative properties. The viscosity change upon oxidation was measured by employing
molecular rotor Bdp-C10, which is the first time membrane oxidation was studied by using a
fluorescent viscosity sensor.
6.2 Results and discussion
6.2.1 Oxidation of membranes with porphyrin dimer
GUVs were prepared containing both PD-1 as a Type II oxidant and Bdp-C10 as a viscosity
sensor. As described previously in chapter 4, PD-1 is both an oxidant and a viscosity sensor.
The approach of using Bdp-C10 for viscosity measurements allows separation of the two func-
tions of PD-1. This also allows to check if the viscosity increase in the lipid monolayer reported
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Figure 6.8: A series of FLIM images of DOPC GUVs containing PD-1 at 1000:1 lipid-to-dye
ratio as a photosensitiser and Bdp-C10 as a viscosity sensor. Lifetimes of Bdp-C10 were measured
throughout irradiation at 453 nm of a GUV shown by a red arrow. Irradiation times are shown
in white. The histograms show lifetime distributions of Bdp-C10 in the irradiated GUV. The
lifetime was increasing throughout irradiation process, which corresponds to viscosity change
from 170 cP to 350 cP. Bdp-C10 was excited at 480 nm. The figure is adapted from Vysniauskas
et al [163].
by PD-1 in section 4.2.6 can occur in the lipid bilayer and can be confirmed by a different
molecular rotor Bdp-C10.
The results are shown in Figure 6.8. The GUV, shown by a red arrow in Figure 6.8, was
irradiated at the excitation wavelength of PD-1 at 453 nm by zooming in and the fluorescence
lifetime of Bdp-C10 in the GUV was followed throughout irradiation (lower panel of Figure 6.8).
It can be seen that the lifetime of Bdp-C10 continuously increased during irradiation from 1500
ps up to 2300 ps corresponding to viscosity increase from 170 cP to 350 cP using calibration
data in [91]. The change in lifetime is gradual in all parts of the irradiated vesicle indicating that
no phase separation occurs and oxidation products are evenly spread out in the vesicle. The
lifetimes of surrounding vesicles also increased, although to a smaller extent. This effect can
be caused by recording FLIM images using 480 nm excitation or by longer lived ROS created
out of singlet oxygen travelling away from irradiated area. The lifetime of singlet oxygen itself
in water is approximately 3.5 µs [164], which corresponds to only ∼ 100 nm diffusion distance
[147] and hence it is unlikely to contribute to viscosity increase in other vesicles. There is also
a significant movement of vesicles during irradiation as can be seen by different positions of
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Figure 6.9: FLIM images of DOPC GUVs before and after irradiation at 453 nm. GUVs
contained only Bdp-C10 and no dimer PD-1. The irradiated GUV is shown by the red arrow
and irradiation times are shown above the images. The histograms on the bottom show lifetime
distribution in the irradiated GUV. The change in lifetime is a lot smaller (1450 ps to 1500 ps)
in the presence of PD-1. The figure is adapted from Vysniauskas et al [163].
vesicles in different panels in Figure 6.8 but we made sure that the irradiated vesicle did not
leave the irradiated area by carefully adjusting the position of the sample.
During the first 117 s of irradiation, the lifetime of Bdp-C10 increased from 1500 ps to 2100
ps (Figure 6.8, first three panels), corresponding to a viscosity change from 170 cP to 295 cP.
The next 403 s of irradiation (last panel on Figure 6.8) resulted in only 200 ps lifetime increase
and a viscosity increase to 350 cP, indicating that the upper limit of viscosity is reached.
Further irradiation was not possible due to the bleaching of Bdp-C10 and the resulting weak
signal. Several repeats of this experiment were done, which yielded similar results. Overall, the
viscosity trend in these results is in agreement with the measured viscosity change of DOPC
lipid monolayers caused by oxidation with PD-1 shown in subsection 4.2.6.
The mechanism of the process causing the viscosity increase was further investigated by per-
forming the following control experiments. First, the GUV oxidation experiment was repeated
in the absence of PD-1 and only having Bdp-C10 present (Figure 6.9). The absence of the
photosensitiser should make a viscosity increase in GUVs unlikely. In the second control exper-
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Figure 6.10: FLIM images of GUVs before and after irradiation at 453 nm. Saturated DPhPC
lipid was used for making GUVs together with both dyes PD-1 and Bdp-C10. Irradiated GUV
is shown by the red arrow and irradiation times are shown above the images. The histograms
on the bottom show lifetime distribution in the irradiated GUV. There is no change in lifetime
during the irradiation. The figure is adapted from Vysniauskas et al [163].
iment, saturated DPhPC lipid GUVs were used, which should be inert to oxidation by singlet
oxygen. In the last control experiment, 0.11 M concentration of singlet oxygen quencher NaN3
was used.
Irradiation at 453 nm in the absence of PD-1 results in a lot smaller change of the lifetime
(1450 ps to 1500 ps) of Bdp-C10 as shown by FLIM images (Figure 6.9). This corresponds to
viscosity change from 160 cP to 170 cP. Likewise, no change in lifetime and, therefore, viscosity
occurs if the saturated DPhPC lipid is used (Figure 6.10) or if singlet oxygen quencher NaN3 is
present in the solution containing the GUVs at 0.11 M. Overall, the control experiments show
that, in order for a change in membranes viscosity to occur, the combination of photooxidant
dimer PD-1, singlet oxygen and presence of double bonds is necessary in the lipid molecules.
Since this is the first time a molecular rotor has been used for measuring the changes in viscos-
ity during oxidation of lipids, it is useful to compare our results to the previous data from the
literature. Most previously reported studies on the change of membrane properties during oxi-
dation revealed a decrease in membrane viscosity. Measurements of angle-resolved fluorescence
122 Chapter 6. Viscosity change of lipid bilayers during oxidation
.
Figure 6.11: FLIM images of DOPC GUVs before and after irradiation at 453 nm. Singlet
oxygen quencher NaN3 at 0.11 M concentration was present in the solution. Irradiated GUV
is shown by the red arrow and irradiation times are shown above the images. The histograms
on the bottom show lifetime distribution in the irradiated GUV. There is no change in lifetime
during the irradiation. The figure is adapted from Vysniauskas et al [163].
depolarisation of a fluorescent probe and angle-resolved electron spin resonance of nitroxide
spin probes has shown that the degree of orientational order of the probes was decreasing with
increasing amount of oxidised lipids [165] in the membrane. Another fluorescence depolarisa-
tion study using Rose Bengal as a photosensitiser also demonstrated decrease of orientational
order during oxidation [166] indicating decreased viscosity of the membrane. In contrast to
these results, Borst et al observed increase in viscosity during oxidation using fluorescence de-
polarisation measurements and the fluorescence ratio of pyrene monomer and excimer [167],
consistent with the results reported in this chapter. Overall, comparison with the literature
suggests that different fluorescent probes may localise in different regions of lipid bilayers and
report fluidity changes in the immediate environment, which might vary from one bilayer region
to another.
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Figure 6.12: Fluorescence intensity images of TPP (a) and TPPS (b) in a sample with DOPC
GUVs. TPP is present at lipid-to-dye ratio of 1000:1 and the concentration of TPPS is 10 µM.
The excitation wavelength was 420 nm, detection range was 600-700 nm. The images clearly
show that TPP is localised in the membrane, whereas TPPS is in the outer solution of the
GUV. The figure is adapted from Vysniauskas et al [163].
6.2.2 Varying the position of photosensitisers in lipid membranes
The lipid monolayer study with PD-1 described in the previous chapter suggest that PD-1
sticks to the monolayer surface in the water phase. The same is expected to happen at the
surface of the lipid bilayer. Next, we wanted to see how lipid oxidation and viscosity change is
affected when the photosensitiser is localised in the lipid tail region and in the water solution.
Therefore, further investigation was done using water-soluble porphyrin, TPPS, and non-polar
porphyrin, TPP, as singlet oxygen sensitisers. Fluorescence images of GUVs with TPP and
TPPS in Figure 6.12 show that TPP is localised in the lipid bilayer and TPPS is present only
in the aqueous solution, as expected.
Lifetime images of Bdp-C10 in the GUVs with TPP and TPPS during irradiation are shown
in Figure 6.13. The lifetime increased in a similar manner as during irradiation of GUVs with
PD-1 showing a change from 1500 ps to 2500-2800 ps corresponding to a viscosity change from
170 cP to 400-500 cP. In both cases, the signal from the irradiated GUVs in the final FLIM
images in the irradiation series is quite weak due to bleaching leading to higher uncertainty in
final lifetime and viscosity values.
During irradiation, lipid membranes showed fluctuation not observed previously with PD-1 and
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Figure 6.13: FLIM images of DOPC GUVs with molecular rotor Bdp-C10 and TPP (a), TPPS
(b) as oxidants. TPP was incorporated into vesicles at lipid-to-dye ratio of 1000:1, TPPS was
dissolved in water at 10 µM concentration. The vesicle (pointed to by a red arrow) was irra-
diated at 420 nm by zooming in. The lifetime histograms of Bdp-C10 in the irradiated vesicles
are shown below the FLIM images. Lifetime distribution width increased due to reduction of
Bdp-C10 signal. Irradiation led to increase in lifetime as observed when PD-1 is used as an
oxidant. Throughout irradiation GUVs leaked lipid material (TPP at 93 s, TPPS at 125 s) or
got deformed (TPPS at 190 s) before becoming spherical again during further irradiation. The
figure is adapted from Vysniauskas et al [163].
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leakage of lipid material, as seen in the FLIM images in Figure 6.13a, 93 s and Figure 6.13b,
125 s and even deformation away from the spherical shape as seen in the FLIM image in Figure
6.13b, 190 s. When the irradiation was stopped the vesicle retained its non-spherical shape.
However, during further irradiation the vesicle unexpectedly went back to a spherical shape.
Closer examination of the deformed vesicles did not reveal any lifetime variations of Bdp-C10
in different parts of the vesicle. When vesicles were irradiated at a higher power or a higher
zoom factor, this resulted in rupture of the vesicle. Membrane fluctuations, vesicle rupture and
leakage of lipid material during irradiation were reported previously in the literature [160, 168,
169]. Most likely, the effects are caused by rearrangements of oxidised lipids in the membrane
that are rapidly created during irradiation, which leads to fluctuations or expulsion of a lipid
material.
In summary, a large increase in lipid bilayer viscosity was observed using all porphyrin-based
photosensitisers (PD-1, TPP and TPPS). The final viscosity values (400-500 cP) obtained using
TPP and TPPS were higher than the viscosities obtained using PD-1 (350 cP). The likely reason
explaining this result is lower concentration of PD-1 than expected. Even though PD-1 was
mixed with lipids in 1000:1 lipid-to-dye ratio like TPP, the fluorescent signal of vesicles with
TPP was much stronger than of vesicles of PD-1 in spite of comparable fluorescence yield.
Overall, the location of the photosensitiser did not have a significant influence on the trend of
viscosity increase of DOPC lipid membranes during oxidation.
6.2.3 Irradiation of part of a vesicle
The molecular rotor approach is unique in allowing spatially resolved information to be collected
during the course of the oxidation. Therefore, we set out to examine the mobility of oxidased
lipids by irradiating a part of a GUV and following a change in viscosity over the whole vesicle.
Hydrophobic TPP was chosen as an oxidant since it localises in the membrane.
Figure 6.14 shows results obtained when only a quarter of a vesicle was irradiated (shown by
a red square in Figure 6.14). The results in Figure 6.14a show that the lifetime of Bdp-C10 is
increasing in the whole vesicle although the change observed in the irradiated part of the vesicle
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is faster. The lifetime change was examined in three regions of the image (Figure 6.14b), the
results are in Figure 6.14c. The change in the irradiated region (Region 1) was the strongest,
the lifetime increased from 1500 ps to 2500 ps (170 cP to 400 cP viscosity change). The change
in Region 2, which is not in the irradiated part of irradiated vesicle followed the same trend
although slightly delayed producing a change from 1500 ps to 2250 ps (170 cP to 330 cP).
The change in Region 3 located in a different vesicle, which is right next to the Region 2 was
insignificant, the lifetime varied around its original value of 1650 ps corresponding to 195 cP.
.
Figure 6.14: Irradiation of a quarter of a TPP-containing DOPC GUV. a) A series of FLIM
images of Bdp-C10 during irradiation at 420 nm of a part of a GUV in a red square. Durations
of irradiation are shown above each image. The lifetime changes in three different regions
throughout irradiation are shown in c), the regions are in b). The change is fastest in the
irradiated region 1 and slightly slower in the non-irradiated region 2 of the same vescile. Region
3 in another vesicle nearby region 2 does not show any change in lifetime of Bdp-C10. The error
bars in c) are equal to one standard deviation. The figure is adapted from Vysniauskas et al
[163].
The viscosity increase in the non-irradiated Region 2 of the vesicle can be caused by two factors.
The first one is long-lived ROS created in the irradiated Region 1, which diffuse either through
water solution or through the membrane. The second one is the movement of oxidised lipid
products from Region 1 to Region 2, which eventually changes the viscosity across the whole
vesicle. Having free movement of lipid molecules in the oxidised vesicle is not surprising given
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Figure 6.15: FLIM images of irradiated DOPC GUV with TPP right after irradiation at 420
nm and after 15 min. The irradiated area is shown in the red square. The lifetime distributions
of Bdp-C10 are shown in the histograms below the images. The average lifetime in irradiated
and non-irradiated parts of the vesicles were 1950 and 2075 ps corresponding to viscosities of
260 cP and 290 cP. After 15 min lifetimes became uniform over the whole vesicle (2075 ps, 290
cP). The figure is adapted from Vysniauskas et al [163].
the fact that rapid fluctuations of membrane are observed during the irradiation. Singlet oxygen
itself is not likely to be able to diffuse the ∼50 µm distances required to oxidise lipids in the
opposite side of the vesicle to its irradiated section. In water, singlet oxygen can diffuse only
around 100 nm [147]. In lipids its lifetime is approximately 10 times longer than in water
[170] but then the expected diffusion distance is only
√
10 times higher, which was estimated
assuming Brownian motion and using the equation 〈x2〉 ∝ τ , where 〈x2〉 is a mean squared
displacement and τ is lifetime.
No change in viscosity was observed in Region 3 located in the non-irradiated vesicle indicates
that the viscosity change in Region 2 is not caused by long-lived ROS diffusing through the
aqueous solution. Otherwise, the viscosity in Region 3 should increase as much as in the Region
2 because they are a similar distance away from the iradiated Region 1. The remaining expla-
nation of observed viscosity changes could be a diffusion of long-lived ROS that are restricted
to the lipid phase only or migration of oxidation products.
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In order to check which explanation is more likely to be correct, a vesicle containing TPP was
partially irradiated until regions of different viscosities were formed. Then it was left for 15
min and then imaged again (Figure 6.15). Immediately after irradiation, lifetimes of Bdp-C10
indicated higher viscosity in the irradiated area of the vesicle (2075 ps, ∼ 290 cP) and lower
in the rest of the vesicle (1950 ps, ∼ 260 cP). After leaving the vesicle for 15 min, the FLIM
image showed that the lifetime of Bdp-C10 became the same across the whole vesicle. This
observation points towards a free movement of oxidised lipids in the vesicle, which leads to
uniform viscosity. Interestingly, the lower viscosity region reached the same value as in the
higher viscosity region instead of an intermediate value between the two regions being reached.
This may result from long-lived oxidative species within the bilayer, which continue oxidising
the lipid vesicle even when the photosensitiser is not irradiated. Such oxidants could be lipid
peroxides that travel around the vesicle and decompose releasing ROS, that can oxidise lipids
in their immediate vicinity.
6.2.4 Oxidation of vesicles by Methylene Blue
In the previous sections it was established that Type II oxidants cause an increase in viscosity
as reported by Bdp-C10. In this section we tested how membrane viscosity is affected by a
photooxidant Methylene Blue (MB), which was reported to have properties of both Type I and
Type II oxidants [160]. The oxidative mechanisms of Type II oxidants and Methylene Blue on
unsaturated lipids are expected to be different and previous reports in the literature confirm
this. Oxidation of DOPC and POPC vesicles by MB reported increase of the vesicle surface area,
pore formation and loss of permeability of the membrane [160] examined by optical microscopy
and electro-deformation of the vesicles. The latter two effects were not observed during Type
II oxidation with porphyrin-based photosensitisers and these effects were attributed to cleavage
of unsaturated lipid chains during Type I oxidation [162]. Here we set out to have test whether
the lifetime changes of Bdp-C10 will report changes in viscosity and reveal if there is a different
oxidation mechanism when MB is used as an oxidant compared to Type II oxidants (singlet
oxygen sensitisers) PD-1, TPP or TPPS.
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Figure 6.16: A series of FLIM images of DOPC GUVs with Bdp-C10 irradiated at 633 nm with
MB present in the solution at 10 µM. FLIM images show how the intensity-weighted mean
lifetime of Bdp-C10 changes in the irradiated GUV (pointed by the red arrow). The lifetime
distributions of the irradiated GUV is shown on the bottom of the figure. Irradiation duration
is shown above the images. The lifetime trend is the opposite to the previously observed trends
using porphyrin-based photooxidants. The figure is adapted from Vysniauskas et al [163].
MB is a water-soluble dye and it does not incorporate into the lipid bilayers. A solution of
GUVs with Bdp-C10 and 10 µM of MB present in aqueous solution was prepared and GUVs
were irradiated at 633 nm in order to excite MB close to its absorption maximum. The results
are shown in Figure 6.16. Before the irradiation the decay of Bdp-C10 is monoexponential
but becomes biexponential once the irradiation is started. This suggests that either Bdp-C10
partitions into two different kinds of environments in the vesicle or other processes take place
that change the photophysical properties of Bdp-C10 such as aggregation.
The intensity-weighted mean lifetime of Bdp-C10 rapidly dropped from 1700 ps to 700 ps con-
trasting the results observed during previous oxidations with porphyrin-based photosensitisers.
This shows that Bdp-C10 senses drastically different change in microviscosity when Type I
oxidation is happening. The likely reason is that Type II process leads only to lipid peroxidation,
whereas Type I oxidation results in cleavage of the lipid chain [162]. In addition, increased
fluidity of DOPC lipid membrane measured by FCS and caused by lipid chain cleavage during
Type I oxidation by hydroxyl radical has been reported previously [171], agreeing with the
results shown in Figure 6.16.
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Figure 6.17: Biexponential fitting results of fluroescence decays obtained from irradiated vesicle
in MB solution shown in Figure 6.16. Mean values of lifetimes (a) and amplitudes (b) of the
whole irradiated GUV are shown. Lifetimes of both exponential components decreased during
irradiation while their amplitudes changed only slightly. The figure is adapted from Vysniauskas
et al [163].
Biexponential fitting parameters obtained from irradiated vesicle are shown in Figure 6.17.
Figure 6.17a shows how two lifetimes of Bdp-C10 change during irradiation. The longer lifetime
component changed from 2450 ps to 1050 ps, whereas the shorter lifetime component changed
from 750 ps to 200 ps. If the biexponential decay of Bdp-C10 results from the molecule parti-
tioning in different viscosity environments, the viscosity of these environments decrease from
390 cP to 90 cP and from 55 cP to below 5 cP. Interestingly, the lifetime of the first compo-
nent was significantly higher at the start of oxidation than the lifetime in non-oxidised GUVs.
This is an indication that the first step of Type I oxidation is peroxidation [162], which leads
to increase in viscosity like during Type II oxidation. The amplitude of the longer lifetime
component shown in the Figure 6.17 b was 30 %, which means that 30 % of all molecules of
Bdp-C10 were in a high to moderate viscosity environments. The rest of molecules were in a
lower viscosity environment that were almost not restricting the molecule at all at the later
stages of the oxidation.
Finally as a control experiment, oxidation of saturated DPhPC lipid GUVs by MB were per-
formed and the lifetime of Bdp-C10 was measured in the GUVs. No oxidation was expected to
take place in saturated lipid GUVs since there are no double carbon-carbon bonds present. Re-
sults are shown in Figure 6.18. Lifetime images of Bdp-C10 before and after irradiation did not
show any change in the irradiated vesicle (Figure 6.18, red arrow). This means that the results
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Figure 6.18: Control experiment using saturated DPhPC lipid GUVs with Bdp-C10 in 10 µM
MB solution in water. The vesicle shown by a red arrow was irradiated at 633 nm for 512 s,
FLIM images of Bdp-C10 are shown before and after irradiaton together with lifetime histograms
of Bdp-C10 in the irradiated vesicle. The figure is adapted from Vysniauskas et al [163].
shown in the Figure 6.16 were not caused by interaction of Bdp-C10 with MB or oxidation. As
can be seen in the 512 s image in Figure 6.18, fluorescence of Bdp-C10 in the irradiated vesicle
got significantly weaker, which is most likely caused by destruction of Bdp-C10 with singlet
oxygen or other ROS but the lifetime was not affected by it at all.
Overall, the results obtained using MB as an oxidant show that membrane undergoes completely
different changes under oxidation compared to cases where porphyrin-based oxidants are used.
Decrease of lifetime of Bdp-C10 indicates increased fluidity of the membrane, which is likely to
be caused by cleavage across double bonds of the lipid molecules, as was hypothesised previously
[162].
6.3 Conclusions
In this chapter, oxidation of GUVs was studied using the fluorescent viscosity sensor Bdp-C10
that was known to incorporate in the tail region of the lipid bilayer. First, we confirmed that a
similar viscosity increase can be detected with Bdp-C10 as was previously observed using PD-1
as both the oxidant and a sensor in unsaturated lipid monolayer, Chapter 4. Then, we utilised
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different photosensitisers to see a change of lipid bilayer viscosity during oxidation by both
Type I and Type II photooxidants.
No change in viscosity was observed using all photooxidants when GUVs made out of saturated
DPhPC lipids were used. The oxidation of unsaturated DOPC GUVs by PD-1 lead to viscosity
increase of lipid bilayers from 170 cP to 350 cP. PD-1 was located at the interface of water
and the monolayer as previously established in Chapter 4. The mechanism of viscosity increase
observed using PD-1 is most likely caused by singlet oxygen sensitisation of PD-1 leading to
peroxidation of the unsaturated lipids, which forces the hydrophilic peroxide group towards the
lipid head region bending the lipid tail and most likely trapping Bdp-C10 in the hydrophobic
pocket it resides within the bilayer.
Secondly, we wanted to examine the effect of photosensitiser position on the oxidation of a
lipid bilayer. Two Type II oxidants were used: porphyrin-based photosensitisers water-soluble
TPPS localised outside the lipid bilayer and lipid-soluble TPP, which is expected to localise
inside the tail region. The microviscosity was observed to increase from 170 cP to 400-500
cP in both cases, which means that photosensitiser position has no observable effect on lipid
oxidation. Viscosity trend was the same like when PD-1 was used as an oxidant, which was
not surprising given that all three molecules are Type II oxidants creating singlet oxygen upon
excitation and leading to peroxidation of lipids.
Thirdly, the oxidation mechanism was investigated by irradiating only a part of a vesicle. One
quarter of a vesicle was irradiated using TPP as an oxidant for comparing microviscosity change
in the irradiated part of the vesicle, in the non-irradiated part and in another vesicle nearby.
The results show that viscosity in all locations of the irradiated vesicle was increasing although
increase was faster in the irradiated area. When the vesicle was left for 15 min, viscosity in
the non-irradiated section reached the same value as in the irradiated part. In comparison, no
change occurred in the non-irradiated vesicle nearby. These results suggest free movement of
oxidised lipid molecules through the vesicle.
Finally, oxidant MB was used, which has Type I oxidant properties. The results showed micro-
viscosity decreasing upon irradiation contrasting the results obtained using Type II oxidants.
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These results confirm the different mechanism of Type I oxidation, where peroxides are first
formed from unsaturated lipids and then oxidised further until lipid chain cleavage. Bdp-C10
fluorescence decay was biexponential in the oxidised vesicles, indicating localisation in two
different environments.
Overall, the results demonstrate that viscosity sensor Bdp-C10 is a very useful molecule for
measuring a change of the model lipid membrane properties during lipid oxidation showing a
clear difference between Type I and Type II oxidations. In addition, the results in this chapter
clearly show the advantages of fluorescent viscosity sensors for viscosity measurements in mi-
croscopic objects, which allow viscosity imaging and detection of dynamic change in viscosity.
This allowed us to follow the dynamics of lipid oxidation and investigate its mechanism by
irradiation of part of the vesicle, which is challenging to do using other methods.
The work reported in this chapter was published in A. Vysˇniauskas, M. Qurashi, M. K. Kuimova.
Molecular rotor measures dynamic changes of lipid bilayer viscosity caused by oxidative stress,
Chem. Eur. J., 2016, accepted.
7. The effect of temperature on
molecular rotors
7.1 Introduction
The previous chapters contained multiple examples where various molecular rotors were used
for measuring viscosities in lipid membrane models or living cells. In this chapter we examine
how the photophysics and viscosity sensitivity of the molecular rotors we have used are affected
by the temperature of the environment.
A typical fluorescent viscosity sensor is directly excited into a Franck-Condon fluorescent state,
from which it can go to another state, where it emits at a different wavelength or does not
emit at all (a ’dark’ state). Such transition takes place via the change in the conformation of
the molecule. The fluorescence quantum yield and lifetime of the initially populated state is
affected by the rate of conformational change, which depends on viscosity since it slows down
the molecular motion leading to viscosity-sensitive fluorescence properties. However, to the
best of our knowledge, the effect of temperature on the photophysical behaviour of molecular
rotors has not been examined in a systematic way.
Temperature has been shown to affect the rate of photoisomerisation of a number of different
molecules and there is a number of theories proposed explaining how rate of photoisomerisation
is affected by temperature and viscosity starting with Kramer’s theory [172]. Bagchi et al [173]
further improved it to account for faster isomerisation rates than expected in cases when the
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potential energy barrier has a high curvature. Kramer’s theory was also improved by other
workers in cases using a stable states picture approach [174]. The generalised expression for
the rate reaction of photoisomerisation is [175]:
krot = A(η) exp(−Ea/kBT ) (7.1)
where Ea is the activation energy for isomerisation, T is temperature, kB is Boltzmann’s con-
stant and A(η) is the viscosity-dependent preexponential factor. A Fo¨rster - Hoffmann type
expression [71] can be used for A(η), which is also equal to the rate constant of the isomerisation
when Ea = 0:
krot(Ea = 0) = A(η) = Aη
−x (7.2)
where η is viscosity of the solvent, A and x are constants. Combining equations 7.1 and 7.2
gives:
krot = Aη
−x exp(−Ea/kBT ) (7.3)
This equation was used previously to fit the viscosity-dependence of isomersiation rates [176].
The equation 7.3 shows that increasing viscosity reduces prexponential factor, which means
that molecular motion becomes slower and the rate at which the molecule tries to cross the
activation energy barrier is reduced. In contrast, when temperature is increased, this populates
higher vibrational states in a fluorescent state (the red arrows in Figure 7.1, which makes the
molecular rotation more likely.
Overall, the change of temperature could affect the viscosity sensor in multiple different ways:
1) Through the change of viscosity of the solvent.
2) By populating vibrational energy states (red arrows in Figure 7.1), which would increase the
barrier crossing rate if the intrinsic energy barrier is present (Ea 6= 0).
3) By increasing the rate of thermal relaxation from the fluorescent state if such pathway is
possible for the molecule.
It is obvious that 1) should affect all viscosity sensors but it is not clear if 2) or 3) can also have
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Figure 7.1: The diagram showing energy of a typical viscosity sensor in its first excited electronic
state with the respect to the rotational angle governing viscosity sensitivity. Increasing viscosity
of the environment (blue arrow) slows down molecular motion reducing the twisting rate from
the fluroescent to the ’dark’ state. Increasing temperature (red arrows) populates the higher
vibrational states, which should increase the rate of twisting.
an effect. Despite viscosity sensors being widely used [139, 141] the temperature effects on their
photophysical behaviour have not been studied with one exception [177]. In this work, Howell
et al examined a set of anilino-based viscosity sensors, which can go to a intermolecular charge
transfer state (TICT) upon excitation depending on viscosity. Their study concluded that the
examined viscosity sensors did not show any intrinsic temperature dependence i.e. temperature
affected fluorescent properties only through the change of viscosity.
However, not all viscosity sensors are expected to have no intrinsic temperature dependence. Ki-
ton Red, a fluorophore of Rhodamine family (Figure 7.2) was previously used both as a viscosity
sensor [93, 96] and as a temperature sensor [178, 179] because its fluorescence lifetime depends
on both viscosity and temperature. Rhodamine B, a fluorescent dye, which has a structure
very similar to the one of Kiton Red also has a temperature-dependent fluorescence lifetime.
The origins of its behaviour was given by Casey et al [180]. The temperature dependence on
Rhodamine B is caused by the rotation of its amine groups. The dye in one conformation is
fluorescent, whereas the other conformer is ’dark’ and the dye in this conformation relaxes back
to the ground state via internal conversion. Temperature affects the equilibrium constant of
the interconversion between the conformers leading to the temperature-dependent fluorescence
quantum yield and lifetime. It is very likely that viscosity slows down the conversion between
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Figure 7.2: The viscosity sensitive molecules examined in this chapter: porhyrin dimers (PD-1
- PD-4), BODIPY-C10 (Bdp-C10) and Kiton Red (KR). The full structures of dimers PD-1 -
PD-4 are shown in Figure 5.1, Chapter 4.
the conformers and affects the fluorescent properties as well. This picture is likely to be correct
for Kiton Red too.
Similarly to viscosity sensors, viscosity-dependence of fluorescent temperature sensors have also
not been examined. There is a wide number of temperature probes reported [141] and it is not
unreasonable to expect that some of them [181, 182] will also be affected by microviscosity of
their immediate environment. This may create complications for temperature measurements in
complicated heterogeneous environment like biological cells, which have unknown dependence
of microviscosity on temperature.
In this chapter, temperature influence on a number of viscosity-sensitive molecules discussed in
previous chapters (Figure 7.2) was studied. The molecules were porphyrin dimers PD-1 - PD-4
discussed in Chapters 4 and 5, BODIPY-C10 (Bdp-C10) used in Chapter 6 and dual temperature
and viscosity sensor Kiton Red (KR). Their different types of behaviours were compared and
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Figure 7.3: The absorption and the fluorescence spectra of Bdp-C10 in the 1:1 methanol and
glycerol mixture. The fluorescence spectrum was excited at 400 nm. The figure is reproduced
from [183] with permission of the Royal Society of Chemistry.
contrasted.
7.2 Results and Discussion
7.2.1 Temperature-dependence of Bdp-C10
The first viscosity sensor that was investigated in this chapter was BODIPY-based fluorophore
Bdp-C10, which was previously used for measuring viscosity in model lipid membranes as dis-
cussed in Chapter 6. The absorption and fluorescence spectra of Bdp-C10 are shown in Figure
7.3. The absorption spectrum consists of a broad peak at 400 nm and a sharp peak at 488 nm.
The fluorescence spectrum has one peak only centered at 515 nm.
Fluorescence quantum yield and lifetime measurements were done by Mr Yilei Wu in the
Kuimova Group previously. Fluorescence lifetimes and quantum yields were measured in glyc-
erol and methanol mixtures of different composition at different temperatures in order to see
how viscosity and temperature affect the Bdp-C10 photophysics. Mixtures of varying glycerol
concentration were used, ranging from 30% to 100% glycerol, corresponding to a viscosity range
of 1..8 cP to 5400 cP at temperatures from 5 to 61 °C. Figure 7.4 shows that lifetime changed
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Figure 7.4: Fluorescence lifetimes (a) and quantum yields (b) of Bdp-C10 in the methanol-
glycerol mixtures ranging from 30 % to 100 % (v/v%) content of glycerol at temperatures
shown in the legends. The data curves obtained at different temperatures overlap, which
means that Bdp-C10 is affected only by viscosity and not by temperature. The experiments
were done previously in Kuimova group by Mr Yilei Wu. The figure is reproduced from [183]
with permission of the Royal Society of Chemistry..
from 260 ps to 5400 ps and quantum yield increased from 0.02 to 0.77 in this viscosity range.
The fluorescence decays were monoexponential, as expected for Bdp-C10 in a homogeneous
environment in the absence of aggregation. The most important fact shown by the data is the
overlap of curves obtained at different temperatures for both fluorescence lifetime and quantum
yield. This means that Bdp-C10 reports the same lifetime and quantum yield even when the
mixtures are at different temperatures but have same viscosity. Therefore, Bdp-C10 shows no
temperature dependence, which is a desired property for a viscosity sensor. The other two
BODIPY-based sensors reported in the literature also did not show any temperature depen-
dence [91, 98]. The imperfect overlap in Figure 7.4b at low viscosities (< 30 cP) might be a
result of variations of dielectric constants of the mixtures, which has been previously shown to
affect the photophysics of Bdp-C10 at low viscosities [92].
Overall, Bdp-C10 is a temperature-independent molecular rotor suitable for microviscosity mea-
surements in thermally unstable environments. Its monoexponential fluorescence decays also
greatly simplify fitting analysis and lower the threshold for appropriate signal-to-noise ratio. In
the next section, molecular rotor KR is examined, which was also previously used for measuring
temperature.
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Figure 7.5: The absorption and fluorescence spectra of KR in the 1:1 methanol-glycerol mixture.
The fluorescence spectrum was excited at 500 nm. The figure is reproduced from [183] with
permission of the Royal Society of Chemistry.
7.2.2 Temperature-dependence of KR
Next, we have examined fluorescence lifetimes of KR at different viscosities and temperatures.
Since KR is known to be sensitive to both temperature and viscosity, we wanted to contrast
its behaviour to the one of Bdp-C10, which is solely a viscosity sensor. Its absorption and fluo-
rescence spectra are shown in Figure 7.5. Both spectra only display one peak, with absorption
at 570 nm and emission at 585 nm.
KR was examined in water-glycerol mixtures at 20 °C - 60 °C temperatures. The fluorescence
decays at 20 °C are shown on Figure 7.6a. It can be clearly seen that the decays are heavily
dependent on viscosity. The fluorescence lifetimes of KR obtained at different temperatures and
viscosities (Figure 7.6b) show dependence on temperature in contrast to the data of Bdp-C10
shown in Figure 7.4. The lifetime datasets obtained at different temperatures show no overlap,
which means that KR has a different fluorescence lifetime in different temperature mixtures
even if their viscosities are the same. This is what allowed KR to be used as a viscosity sensor
and as a temperature sensor previously.
The decays of KR were monoexponential in most of the mixtures but that was not the case in
the low viscosity mixtures at high temperature where the decays started showing biexponential
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Figure 7.6: a) The fluorescence decays of KR in water and glycerol mixtures at 20 °. The
decays get progressively longer with the increasing viscosity. b) The lifetimes of KR in water and
glycerol mixtures at temperatures between 20 and 60 °C. The lifetime of KR is clearly dependent
on both viscosity and temperature. It increases with increasing viscosity but decreases with
an increase in temperature. The excitation wavelength was 540 nm. The figure is reproduced
from [183] with permission of the Royal Society of Chemistry.
character. In such cases, intensity-weighted mean lifetimes are shown. A few of these biexpo-
nential decays are shown in Figure 7.7a. The lifetimes obtained from either monoexponential
or biexponential decays are shown in Figure 7.7b with a line separating the two groups. The
lifetimes and the amplitudes of the smaller component are shown on Figures 7.7c, d. Except
in one case, the lifetime of a second component was between 2 and 2.5 ns with an amplitude
between 10 % and 30 %. The likely reason why this component is not observed in the other
decays is that the main component has a lifetime which is too similar and the decays with 2 000
counts at the peak do not have good enough signal-to-noise ratio for revealing this smaller ex-
ponential component. Nevertheless, resolving a second exponential component was not needed
for the purpose of checking lifetime dependence on temperature in general.
In addition to water and glycerol mixtures, KR was also examined in methanol and glycerol
mixtures, which are less polar. These experiments were done by a 2nd year summer student Mr
Nathaniel Gallop in the Kuimova Group performed under my supervision. Interestingly, the
fluorescence decays show weaker dependence on viscosity in methanol-glycerol mixtures (Fig-
ure 7.8a) compared to water-glycerol mixtures. More detailed analysis confirms this picture as
can be seen in Figure 7.8b, which shows the lifetimes in methanol-glycerol mixtures at differ-
ent temperatures (white squares) in comparison with the lifetimes in water-glycerol mixtures
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Figure 7.7: The fitting analysis of biexponential KR decays in water-glycerol mixtures. a)
The fluorescence decays at 60 °C showing biexponential character. b) The lifetimes of KR
in water-glycerol mixtures with a line separating lifetimes from the monoexponential and the
biexponential decays. The intensity-weighted mean lifetimes are shown for the biexponential
decays. c) The lifetimes of a minor exponential components of all biexponential decays together
with their amplitudes (d). The figure is reproduced from [183] with permission of the Royal
Society of Chemistry.
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Figure 7.8: KR in methanol and glycerol mxitures. The experiments were performed by Mr
Nathaniel Gallop in Kuimova group under my supervision. a) The fluorescence decays at 20 °C.
b) The fluorescence lifetimes of KR in the methanol-glycerol mixtures at different temperatures
(white squares) in comparison with the lifetimes in water-glycerol mixtures (filled circles).
The lifetimes in the less polar methanol-glycerol mixtures are lower, which indicates that the
environment of higher polarity leads to the decrease in the lifetime of KR. The excitation
wavelength was 560 nm. The figure is reproduced from [183] with permission of the Royal
Society of Chemistry.
(filled circles). The temperature-dependence is retained, although the lifetimes are significantly
higher in lower viscosity mixtures and, as a result, show lower dependence on viscosity in gen-
eral. The data here suggests that polarity also has an effect on the photophysics of KR. The
lifetime becomes lower in higher polarity solvents such as water. Therefore apparent higher
dependence on viscosity in water-glycerol mixtures is also a result of increasing polarity with
increasing water content. The polarity-dependence on the photophysics of KR indicates that
the conformational equilibrium giving rise to the viscosity and the temperature sensitivity in-
volves conformers with different dipole moments. A solvent of higher polarity would stabilise a
conformer with a higher dipole moment affecting the energy difference between the conformers
as well as the equilibrium between them.
In summary, fluorescence lifetime of KR is both viscosity- and temperature-dependent. It is
also affected by polarity. Therefore, KR can be used either as a temperature sensor if viscosity
of the immediate environment does not change during the experiment or as a viscosity sensor
at constant temperature. In addition, care must be taken during the calibration to make
sure that the polarity of the calibration mixtures is as similar as possible to the polarity of
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a sample of interest during the measurement. Overall, KR is a useful fluorescent sensor if a
great care is taken to eliminate additional factors affecting its fluorescence properties during the
measurement. In the next section, temperature sensitivity of porphyrin dimers was examined
and compared to the ones of KR and Bdp-C10.
7.2.3 Temperature-dependence of porphyrin dimers
Here, we have examined the temperature-dependence of the photophysical behaviour of the
porphyrin dimers discussed in Chapters 4 and 5. The structures of the porphyrin dimers under
study are shown in Figure 5.1, Chapter 5. We were interested to examine both the ratiometric
and the lifetime responses to viscosity and temperature in order to establish whether the dimers
are temperature-independent like Bdp-C10 or whether they go into the category of temperature-
dependent sensors like KR.
As discussed in Chapters 4 and 5, porphyrin dimers have two viscosity-sensitive photophysical
parameters: the ratio of peaks corresponding to the ’twisted’ and the ’planar’ conformers in
the fluorescence spectrum and the lifetime of the ’twisted’ conformer. In order to examine the
temperature sensitivity of porphyrin dimers we have tested the ratio of fluorescence peaks in
methanol and glycerol (dimers PD-1, PD-2, PD-4) and in toluene and Castor oil (dimer PD-3)
mixtures at a range of temperatures (Figure 7.9). The data for PD-2 and PD-4 was measured
by Miss Ding Dong in the Kuimova Group under my supervision for her Master’s thesis at
Imperial College London [148].
From this data it is clear that for each dimer the viscosity-dependent curves recorded at different
temperatures overlap, which means that the dimers exhibit the same ratio if the mixtures have
the same viscosity no matter the temperature. Therefore, temperature affects the ratios only
through the change in viscosity but not directly. Such behaviour mimics the behaviour of
Bdp-C10 and it means that the ratiometric method is a precise way for measuring viscosity.
Variations in temperature have no impact on it.
Following on from this, we examined how the lifetime of the ’twisted’ conformer, a second
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Figure 7.9: The ratio of the peaks in the fluorescence spectra of dimers PD-1 (a), PD-2 (b),
PD-3 (c), PD-4, (d) at different temperatures in mixtures of different viscosities. Methanol and
glycerol mixtures were used for dimers PD-1, PD-2 and PD-4, toluene and Castor oil mixture
was used for PD-3. The dimers were excited at 453 nm (PD-1), 450 nm (PD-2 and PD-3) and
473 nm (PD-4). The wavelengths at which the fluorescence intensities were taken for calculating
the ratios were 640 and 700 nm (PD-1), 650 and 710 nm (PD-2), 635 and 690 nm (PD-3), 710
and 780 nm (PD-4). The ratios of all dimers show no temperature dependence. The data for
PD-2 and PD-4 was adapted from [148].
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Figure 7.10: The lifetimes of the ’twisted’ conformer of the porphyrin dimers in methanol-
glycerol mixtures (PD-1 (a), PD-2 (b), PD-4 (d)) and in toluene-Castor oil mixtures (PD-3
(c)). The excitation and the detection wavelengths were 453 nm and 650 nm (PD-1), 450 and
650 nm (PD-2), 450 and 630 nm (PD-3), 473 nm and 710 nm (PD-4). The detection bandwidth
was 10 nm. The lifetimes of PD-1 and PD-4 show temperature dependence unlike lifetimes of
PD-2 and PD-3. Data for PD-1 is reproduced from [183] with permission of the Royal Society
of Chemistry.
viscosity-sensitive photophysical parameter, is affected by temperature (Figure 5.6). The life-
times of PD-2 and PD-3 measured at different temperatures overlapped closely and did not
show the temperature dependence. Therefore, PD-2 and PD-3 can be used as a dual viscosity
sensors even in samples where temperature variation is expected. Dimer PD-2 is a sensor of
choice for moderate polarity environments, whereas PD-3 is more useful in non-polar samples
due to better solubility in non-polar solvents.
In contrast to PD-2 and PD-3, PD-1 and PD-4 showed strong temperature dependence in a
similar manner to KR. The lifetime trends measured at different temperatures did not overlap,
which suggests that the thermal deactivation pathway exists, which becomes faster at higher
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Figure 7.11: The lifetimes of the ’planar’ conformer of PD-4 in methanol and glycerol mix-
tures at temperatures shown. The lifetimes are dependent on both viscosity and temperature.
Fluorescence was excited at 473 nm and detected at 780 nm.
temperature and reduces the lifetime of the ’twisted’ conformer. It was slightly surprising, since
the ratio has no temperature dependence. The only explanation consistent with the data is that
the thermal deactivation pathway exists, which is equally efficient for both conformers. Thus
the ratio is preserved at different temperatures even though the lifetime changes. The only
structural differences between PD-3, PD-1 and PD-4 (Figure refdimerstruct) are the presence
of phenyl groups in both PD-1 and PD-4 in addition to the extra triple bonds in PD-4. The
thermal dependence is then likely to arise from the temperature-dependent equilibrium between
the conformers due to the rotation of the phenyl groups. It could be that one particular con-
formation has a faster non-radiative transition to the ground state and increasing temperature
shifts the equilibrium towards that particular conformation. PD-2 has the phenyl groups as
well but they are likely to be pushed out of conjugation due to the bulky groups attached to
them. Overall, temperature-independent ratios but temperature-dependent lifetimes of PD-1
and PD-4 provide a unique possibility of using the dimers as dual viscosity and temperature
probes, which is explored in the following chapter.
As discussed in Chapter 4, PD-4 stands out because its ’planar’ conformer is viscosity depen-
dent unlike the ’planar’ conformers of all other dimers. Therefore, we have also investigated the
temperature dependence of the lifetime of the ’planar’ conformer of PD-4. As for the ’twisted’
conformer, the lifetime of the ’planar’ conformer showed both temperature and viscosity de-
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Figure 7.12: The fluorescence spectra of porphyrin dimers PD-1 (a) and PD-4 (b) in methanol-
glycerol mixtures at different temperatures but at similar viscosities. The mixtures used were
60 % (v/v%) at 10 °C, 80 % at 40 °C, 90 % at 60 °C. Their viscosities were 54 cP, 52 cP and
40 cP, respectively. The fluorescence spectra were less intense at higher temperatures, but the
ratios of peaks in fluorescence spectra were preserved.
pendence. Therefore, it also has potential to be used for dual viscosity-temperature sensing, as
discussed in the section 8.2.4.
In order to better understand the photophysics governing the interesting temperature sensitivity
of PD-1 and PD-4, their fluorescence spectra were measured in methanol-glycerol mixtures at
similar viscosities but at different temperatures (Figure 7.12). This was done by choosing a
set of different mixtures and heating them to different temperatures until the viscosities of all
of them became similar. It is clear to see from Figure 7.12 that the fluorescence spectra had
the same shape in all mixtures. The only change was a drop in the fluorescence intensity with
increasing temperature while preserving the ratio of two peaks. This is in the agreement with
the previous results, which showed that the ratio is insensitive to temperature but the lifetime
decreases. Since fluorescence lifetime is proportional to intensity [34], the observed drop in
intensity of fluorescence spectra with increasing temperature should accompany the decreased
fluorescence lifetime. Overall, these results confirm the hypothesis that PD-1 and PD-4 have a
temperature-dependent deactivation pathway that is equally efficient for both conformers. As
a result, the fluorescence lifetime is a temperature-dependent parameter, whereas the ratio of
peaks in fluorescence spectra is not.
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7.3 Conclusion
In this chapter, we have examined how the photophysics of molecular rotors Bdp-C10, KR
and porphyrin dimers are affected by temperature. We have tested them in different solvent
mixtures at a range of temperatures in order to examine the sensors at a wide range of viscosity
and temperature combinations.
Viscosity sensor Bdp-C10 did not show any temperature dependence. Its fluorescence quan-
tum yield and lifetime were temperature-insensitive. Overall, this is a desired property for a
viscosity sensor and Bdp-C10 can reliably provide the viscosity of its environment even when
the variations in temperature occur. In contrast to Bdp-C10, the lifetime of KR was sensi-
tive to both viscosity and temperature. In addition, KR in water-glycerol mixtures, which
are more polar than methanol-glycerol mixtures, had a lower lifetime at the same viscosities
and temperatures. Therefore, KR is sensitive to all these environmental parameters (viscosity,
temperature, polarity) and a great care has to be taken when using it as a sensor for one of
these parameters by making sure that other two are not changing during the measurement.
The porphyrin dimers discussed in Chapters 4 and 5 were also examined. All porphyrin dimers
have two viscosity-dependent photophysical parameters: the ratio of peaks in their fluorescence
spectra and the fluorescence lifetime of the ’twisted’ conformer. These two parameters were
examined in methanol and glycerol (dimers PD-1, PD-2 and PD-4) or toluene and Castor oil
mixtures (PD-3) at different temperatures. Both the ratios and the lifetimes of the dimers
PD-2 and PD-3 were temperature-independent, which makes them useful dual mode viscosity
sensors; PD-2 for moderate polarity environments and PD-3 for more non-polar environments.
The ratios of the peaks in the fluorescence spectra of the dimers PD-1 and PD-4 were not affected
by temperatures but surprisingly, the lifetimes of PD-1 and PD-4 were temperature-dependent
and showed similar behaviour to the lifetimes of KR. Such behaviour might be enabled by a
temperature-dependent non-radiative decay pathway, which becomes faster and reduces the
lifetime of the dimers PD-1 and PD-4 but preserves the ratio of peaks by being equally efficient
for both conformers. Fluorescence spectra of PD-1 and PD-4 in the same viscosity mixtures at
increasing temperature showed decrease in intensity but the ratio of peaks was preserved. This
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is in agreement with the previously stated hypothesis.
The temperature-independent ratios and dependent lifetimes of PD-1 and PD-4 provide unique
opportunity to be used as dual viscosity and temperature sensors, which is further explored
in the next chapter. Overall, the results here show that viscosity sensors may be affected by
temperature in various ways, which needs to be investigated if the sensor is to be used in a
samples were temperature variations on the local or the global levels are possible.
Part of the work reported in this chapter was published in A. Vysˇniauskas, M. Qurashi, N.
Gallop, M. Balaz, H. L. Anderson, and M. K. Kuimova, ”Unraveling the effect of temperature
on viscosity-sensitive fluorescent molecular rotors”, Chem. Sci., 6, 5773-5778, 2015.
8. Applications of temperature
sensors
The fluorescence lifetime imaging experiments on the trapped aqueous droplets were done in
the Central Laser Facility at the Rutherford Appleton Laboratories with the help of Dr Andy
Ward and Prof Stan Botchway.
8.1 Introduction
Temperature is one of the key physical parameters describing the properties of any system or its
surrounding environment. Measuring temperature of large objects or samples is a trivial task
but if the dimensions of the sample start approaching the microscale, it becomes challenging.
An example of such sample could be a microdroplet in a microfluidic chip, an aerosol, or a
living cell. Measuring temperature in the latter is a task of the particular importance. A viral
infection or an inflammation results in an excess of generated heat and knowing the temperature
variations on the microscale would be helpful to understand the diseases better. Heat variations
within the cell are also expected when energy is generated during metabolism of glucose or fatty
acids in mitochondria [184, 185]. However, the calculations of Baffou et al [186] dispute this
and they predict that measurable variations in temperature can only happen in tissues but not
in individual cells.
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8.1.1 Non-fluorescent techniques for temperature measurements on
the microscale
A number of techniques have been developed for measuring temperature on the microscale.
Photoacoustic imaging [187, 188] is one example. During imaging, a laser pulse is absorbed by
gold nanorods in the tissue and this produces an acoustic wave, the strength of which is related
to temperature. An alternative technique for measuring temperature is ultrasonic imaging.
This was achieved by employing an ultrasound contrast agent, which was micron-sized SF6 gas
bubbles coated by a mixture of two lipids with phase transition temperatures of 42 and 55 °C
[189]. The temperature change within 45 and 60 °C changes viscoelastic properties of the lipid
shell significantly, which in turn attenuates the ultrasound signal.
8.1.2 Fluorescence-based techniques for temperature measurements
Quantum dots, nanoparticles and fluorescent polymers
The majority of temperature measurement techniques on the microscale are based on fluo-
rescence. Maestro et al have performed temperature measurements inside live cells with two-
photon excitation of quantum dots that display temperature-dependent emission intensity [190].
Temperature measurements inside live cells have been also performed using near IR excitable
(920 nm) lanthanide-doped nanoparticles [191], which exhibit two bands in the fluorescence
spectrum, where the intensity of one was temperature-dependent and the intensity of the other
one was constant. This allowed the use of the ratio of these bands to measure temperature.
Additionally, gold nanoclusters with temperature-dependent fluorescence lifetime have been
also used for measuring temperature in live cells [192].
Polymers exhibiting temperature-dependent fluorescence have also been applied for temperature
measurements on the microscopic scale. Uchiyama et al [193] and Iwai et al [194] synthesised
polymers, which achieve temperature sensitivity through the temperature-dependent solubility
properties of the polymers, which have a polarity-sensitive fluorophore incorporated into it.
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Upon an increase of temperature, the polymer expands, which allows water molecules to go
in changing the polarity of the environment of the fluorophore, to which it responds with a
higher fluorescence intensity. Another polymer has been synthesised by Gota et al [195], which
senses temperature when the polymer contracts at higher temperature causing the fluorophores
to become compressed and then forming an aggregate leading to aggregation-induced fluores-
cence. Additionally, polymers capable of reporting temperature through fluorescence lifetime
have been made by Uchiyama and colleagues [196]. Usefulness of one such polymer has been
demonstrated by measuring the intracellular temperature within living cells [197].
Translational and rotational diffusion of fluorophores
Translational and rotational diffusion of any fluorophore is faster at higher temperatures, which
allows the use of techniques that measure diffusion of a fluorophore to be used for temperature
estimation. In one example, FCS has been used for measuring temperature with Rhodamine-
6G [198]. Temperature can also be extracted from the fluorescence anisotropy of a fluorophore,
since the faster rotational diffusion at elevated temperature causes a decrease in fluorescence
anisotropy. This has been shown by Baffou et al by measuring the temperature of heated
nanorods from the fluorescence anisotropy of fluorescein [199]. However, care must be taken
while using these methods because the change in temperature also changes viscosity of the
solvent, which also has an impact on the diffusion coefficient.
Temperature-sensitive fluorophores
There are also a number of fluorophores that show intrinsic temperature sensitivity [141, 200,
201]. One of the most widely known fluorophores used for sensing temperature is Rhodamine
B [180] or its derivative Kiton Red. These molecules show a significant drop in fluorescence
quantum yield and lifetime with increasing temperature and have been used for sensing tem-
peratures in a microfluidic chamber [178, 202], in a heated microfluidic channel [203] and in a
microfluidic chamber, where Rhodamine B was encapsulated in a droplet and manipulated with
optical tweezers in order to prevent contamination of the solution and the chamber [179]. Exam-
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Figure 8.1: The molecular structures of fluorescent temperature-sensitive viscosity sensors KR
and PD-1 used in this work.
ples of other temperature sensitive fluorophores are TICT based aniline [181] and triarylboron
[182] derivatives and BODIPY-based fluorophores [204]. Furthermore, a temperature-sensitive
glycosylated porphyrin dimer derivative has been reported [205] as well. According to the in-
terpretation of the authors, the dimer is sensitive to temperature because of hydrogen bonding,
the strength of which is affected by temperature. This in turn changes the ’twisted’-’planar’
conformational equilibrium and leads to the temperature-dependent fluorescence spectrum.
Compared to other materials used for temperature sensing on the microscale, fluorophores are
relatively easy to obtain or synthesise.
In this chapter, we demonstrate the use of temperature-sensitive viscosity probes for the mea-
surements of temperature on the microscale. The sensors used here are KR and porphyrin dimer
PD-1 (Figure 8.1), which have been characterised at different temperatures and viscosities in
the previous chapter. First, Kiton Red was used for imaging temperature in optically trapped
aqueous aerosol particles of 1-10 µm size. The motivation for this work was to investigate
whether the infrared (1064 nm) optical trap causes water heating due to the light absorption
by water, as this may have consequences on other experiments performed on optically trapped
aqueous aerosols. Work by Ebert et al has indeed shown that the optical trap can cause heat-
ing of 13 °C per 1 W of the trapping laser power in a glass capillary of 50 µm diameter full of
aqueous solution [206]. Heating of the aerosol particle is expected to be even greater due to the
lower loss of heat to the environment since the aeorosol particle is trapped in air, which has low
heat conductivity. Furthermore, we also wanted to obtain the temperature map of an aerosol
8.2. Results and discussion 155
to check if it is heated uniformly or if there are temperature variations within. In the second
part, the previously discovered dual viscosity and temperature sensitivity of PD-1 was put to
use for measuring viscosity and temperature maps of heated solvent mixtures as an example
proving that simultaneous viscosity and temperature measurements are possible.
8.2 Results and discussion
8.2.1 The temperature measurements in NaCl aerosols
First, KR was used for measuring temperature in optically trapped water aerosols with NaCl.
Using a solute is crucial, otherwise aeorosol particles will not be stable and will evaporate
completely. If the solute is present then, due to favorable solute-water interactions, the aerosol
particle will retain water. The water content in the aerosol particle depends on relative humidity
(RH) and temperature of the environment. Here, NaCl was chosen as a solute because it is a
common and readily available material.
The response of the KR’s fluorescence lifetime to temperature was first calibrated in water at
4 to 40 °C and then the calibration was expanded to a wider range of temperatures (10 to 90
°C), data shown in Figure 8.2. The fluorescence decays became shorter and the fitted lifetime
decreased with the increasing temperature. The lifetime was reduced by approximately 30 ps
per degree, which should make it possible to measure a temperature change of at least 2 °C
with Kiton Red. 0.34 M of NaCl was added to the water in order to mimic the conditions in
the aerosol particle we examined later.
The first set of FLIM images of aqueous aerosols with NaCl as a solute revealed a surprising
variation in lifetimes at room temperature ranging from 1350 to 2250 ps instead of expected
1550 ps according to the calibration at 20 °C. The origins of this variation were revealed by the
aerosol bleaching experiment, results of which are shown in Figure 8.3. In this experiment, the
aerosol particle with KR was continuously imaged and the fluorescence decays were acquired
during the process. The long period of imaging caused bleaching, which in turn led to longer
156 Chapter 8. Applications of temperature sensors
.
Figure 8.2: The calibration of KR’s lifetime response to temperature in water with 0.34 M
NaCl. a) The fluorescence decays of KR were excited at 540 nm and detected at 580 nm at
temperatures between 4 and 40 °C. Decays have 2 000 counts at the peak. The lifetimes are
shown in b) together with the fit. c) The calibration spanning a larger temperature range (10
to 90 °C).
.
Figure 8.3: The fluorescence decays of KR (15 µM concentration) in the aqueous droplet with
NaCl as a solute. The droplet was continuously bleached which led to the decays with longer
lifetime.
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Figure 8.4: The FLIM images of the aqueous droplet with NaCl as a solute at RH = 80 %. The
trapping laser power was varied from 3 mW to 60 mW, which did not have a significant effect
on the lifetime of KR. The histograms of the lifetime distributions are shown on the bottom.
The diameter of the droplet was approximately 7 µm.
fluorescence decays and a higher average fluorescence lifetime. The reason for the change in
lifetime is likely to be self-quenching of KR. When KR is bleached, self-quenching is reduced
which leads to an increase in the lifetime of KR. This is an additional factor to temperature,
which has the ability to influence the lifetime of KR. This can cause complications since the
concentration of the fluorophore is not always trivial to control in an atmospheric aerosol
droplet.
This problem was solved by reducing the KR concentration five-fold to 3 µM and reducing the
laser power until the lifetime was not affected by bleaching of the dye during the longer periods
of imaging. The lifetimes were measured to be around 2600 ps in aerosols at room temperature.
Changing the power of the trapping laser from 3 mW to 60 mW did not have a significant effect
on lifetime in the droplet as shown in Figure 8.4. This indicates that the heating of the trapped
aerosol particle by the trapping laser is not significant. However, the KR lifetime of 2600 ps
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Figure 8.5: The surface effects of KR in the aqueous KCl solution. a) The fluorescence intensity
profiles of KR across the solution-air interface measured by raising the microscope objective
until the focal point goes into air and fluorescence vanishes. KR in the water solution (red)
shows expected behaviour; the most of the fluorescence is observed from the droplet bulk. On
the other hand, most of the fluorescence comes from the droplet edge (at ca 75 µm) in the
presence of KCl . Both intensity profiles were normalised to their maximum values. b) The
fluorescence decays of KR in water solution (green), in water with 1 M KCl solution (red) and
at the interface of KCl solution (blue). The lifetime increases from 1410 ps to 2300 ps from
bulk to the surface of solution. The concentration of KR was 1 µM.
was much more than expected 1550 ps at room temperature, which was further investigated.
The reason for the discrepancy between the expected and the actual lifetimes of KR in NaCl
aerosols is revealed in Figure 8.5a. The figure shows the fluorescence intensity profile depending
on the distance from the edge of the investigated water droplets. I have recorded the fluorescence
intensity profile as the microscope objective was moving away from the droplet edge towards
the coverslip surface. As can be seen in Figure 8.5a, the profiles recorded in the presence and
the absence of KCl are substantially different and reveal that in the presence of KCl most of
the dye is located at the droplet edge rather than in the bulk solution, which suggests that
ions push the KR molecules onto the surface of the droplets. The fluorescence decays of KR
in the water solutions with and without KCl are shown in Figure 8.5 b. The fluorescence
decay of KR in the bulk solution is not affected by the addition of KCl (red and green). In
contrast, KR at the solution-air interface shows a drastically higher lifetime, 2300 ps instead
of 1410 ps upon the addition of KCl. The data suggests that KR at the interface is exposed
to a different environment affecting the conformational equilibrium of KR and, therefore, its
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Figure 8.6: The surface effects of KR in the aqueous solutions of the solutes shown in the
legend. The fluorescence intensity profiles of KR are shown across the solution-air interface.
KR shows preference to the solution-air interface in the presence of all solutes (CaCl2, Na2SO4,
NH4(CH3COO), NH4Cl) except glutaric acid (green curve). The exact z-position of the solution-
air interfaces was different for every experiment. The concentrations of the solutes were 1M.
The curves were normalised to 1.
lifetime. Similarly, in the aqueous aerosols KR is likely to be pushed into the interface and has
a lot longer lifetime than expected. This is in agreement with the work of Hosny et al [93],
where the fluorescence intensity images of NaCl aerosols show high intensity at the edges of the
droplet. Whether KR is still temperature-sensitive at the aerosol-air interface is not known.
Therefore, another stabilising solute for aerosols, which does not push KR to the interface
needed to be found.
8.2.2 The temperature measurements in glutaric acid aerosols
A number of aerosol stabilising solutes such as salts (CaCl2, Na2SO4, NH4(CH3COO), NH4Cl)
and glutaric acids were tested, Figure 8.6. In the presence of all salts, KR showed preference
to the surface of the solution just like in the presence of NaCl. Fortunately, KR in glutaric
acid solution in water (green curve, Figure 8.6) behaved as in pure water and did not show
any preference to the solution-air interface. Therefore, glutaric acid was used as an aerosol
stabilising solute instead of NaCl in order to test the effect of the trapping laser on the particle
temperature.
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Figure 8.7: The calibration of KR and FLIM measurements of the aqueous aerosols with
glutaric acid. a) The temperature calibration of KR in water with 55 % of glutaric acid by
mass. The fluorescence decays were measured at temperatures from 7 to 41 °C. The decays
become progressively shorter with the increasing temperature. The lifetimes with the fit are
shown in b). 1 µM concentration of KR was used. c) The glutaric acid aerosols at RH = 90 %
and 20 °C. The trapping laser power was changed from 20 mW to 40 mW, which increased the
lifetime by 200 ps. The droplet diameter is approximately 10 µm.
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The precise glutaric acid aerosol composition depends on RH but the mass ratio is approxi-
mately 1:1 [207]. As a result, the solution for temperature calibration of KR contained 55 %
of glutaric acid (m/m%) in water. The fluorescence decays of KR measured in this solution
over 7-41 °C range are shown in Figure 8.7a and the lifetimes are in 8.7b. The lifetimes overall
are approximately 1000 ps higher than the lifetimes of KR in pure water. This is likely to be
caused by the increased viscosity associated with the highly concentrated glutaric acid solution
because KR is also sensitive to viscosity as demonstrated in Chapter 7. The lifetimes decreased
with increasing temperature in a linear fashion over the explored temperature range as shown
in 8.7b. The fit of lifetimes (red in 8.7b) can be used as a calibration curve for converting the
lifetimes in glutaric acid solution into the values of temperature. Judging from the slope of the
calibration curve (ca 30 ps/°C), the minimum measurable change in temperature is 1-2 °C.
Next, the glutaric acid aerosols were trapped and imaged, Figure 8.7c. The solution used for the
aerosol formation contained 3 µM of KR and 0.2 g/L of glutaric acid in water. The temperature
was 20 °C and RH was kept at 90 %. The lifetime at 20 mW of trapping laser power was around
2700 ps, which is slightly higher than expected lifetime of 2550 ps at 20 °C. Upon increasing
the trapping laser power to 40 mW, the lifetime increased to 2900 ps. The increase of lifetime
could be caused by a 6 degree temperature decrease of the aerosol particle but this is unlikely
since the higher trapping laser power is expected to heat up the particle instead of cooling it
down. The other possible explanation is that the particle lost some water when it was heated
and this raised its viscosity and led to the lifetime increase of KR. Since it was challenging to
tell if the change in lifetime is somehow caused by the temperature change, infrared absorbing
materials were decided to be used for increasing the absorbance of the aerosol particles, which
should give a clearer picture.
8.2.3 Aerosols with IR absorbing material
At first, carbon nanoparticles were used as the IR absorbing material. Carbon nanoparticles
are capable of absorbing light of a very broad range of wavelengths including 1064 nm, which
gives them a black colour. We tested carbon black nanoparticles modified with PEGMA groups
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Figure 8.8: a) The brightfield image of the solution with carbon black nanoparticles and KR.
A black material seen in the image are the aggregated clusters of the nanoparticles. A focused
IR laser beam creates a gas bubble which gets covered by nanoparticles and looks like a black
circle in the image. A white structure near the black circle is caused by the reflection of the IR
laser. b) The FLIM image of KR. KR has a significantly shorter lifetime near the focal point
of the IR laser (1200 ps) compared to the lifetime further away (2100 ps). 5×5 pixel binning
was used in order to have at least 100 counts at the peak of the fluorescence decays.
that are non-charged, hydrophilic and increase the solubility of the nanoparticles in water. The
nanoparticles were kindly donated by the group of Prof Milo Shaffer, Imperial College.
The concentration of the nanoparticles used in the solution for making aerosols was 40 mg/L,
which gives absorbance of 0.6 at 1064 nm in a cuvette with path length of 1 cm. At first,
the bulk solution was imaged simply by putting a drop of the solution on the coverslip. Even
though the individual nanoparticles are approximately 100 nm in size, which is too small to be
seen on an optical microscope, clumps of the nanoparticles a few microns in size were observed
in the brightfield image, Figure 8.8a, black dots. Interestingly, the nanoparticle aggregates
get broken up when the IR laser is focused onto them, which is likely to be caused by a quick
heating and explosion due to the absorption of the IR laser light. In addition, when the IR laser
is focused into the solution where nanoparticles are present, a gas bubble immediately forms
and then the nanoparticles accumulate onto the gas-solution interface giving an appearance of
a black circle seen on Figure 8.8b.
A FLIM image of the solution with the IR laser focused into it was measured and it is shown
in Figure 8.8b. The KR lifetime drops significantly closer to the focal point of the IR laser,
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Figure 8.9: The absorbtion spectra of NIR1054B dye in water with 0.2 g/mL of glutaric acid.
The spectra were measured at three concentrations of the dye (3.4 mg/L, 6.8 mg/L, 10.2 mg/L).
The dye clearly absorbs at 1064 nm.
from 2100 ps to 1200 ps. Since the solution contained less glutaric acid (17 % by mass) than
the solution used for temperature calibration (55 %), the calibration curve in Figure 8.7 cannot
be used. The lower concentration of glutaric acid (17 %) had to be used because otherwise
the solution is too viscous to form aerosols. Having a lower concentration of glutaric acid in
the solution for nebulisation does not cause problems because the concentration of glutaric
acid in aerosols is controlled by the equilibrium between water vapour in air and liquid water
in the aerosol, which depends only on temperature and RH. Nevertheless, even though the
calibration curve in Figure 8.7 cannot be used for estimating temperatures from the FLIM
image in 8.8b, the difference in lifetimes can be converted to the difference in temperatures
because the lifetime decrease per degree of temperature is similar in both pure water and 55 %
of glutaric acid solution over 10 - 40 °C range (Figures 8.2b and 8.2a). The lifetime decrease
from 2100 ps to 1200 ps in Figure 8.8b means that the temperature changes by approximately
25 °C. This result proves that in principle carbon black nanoparticles can be used in aerosols
for increasing the absorbance of 1064 nm laser light and, therefore, for heating of the aerosol
particles.
Unfortunately, attempts to form aerosol particles with carbon nanoparticles were unsuccessful.
The aerosols were transparent and did not appear to contain the nanoparticles. Additionally,
the lifetime of KR in the aerosols was not different to the lifetime of KR in the nanoparticle-
free aerosols as the ones in Figure 8.7c. The failure to form the aerosols with the nanoparticles
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Figure 8.10: The FLIM images of KR in the water solution with the infrared dye NIR1054B.
The concentrations of KR and NIR1054B were 3 µM and 0.85 g/L, respectively. The optical
trap was focused to the center of the images at 0 mW (image on the right), 8.5 mW (middle)
and 20 mW (left) powers. The lifetime of KR reports higher temperature in the center of the
images, which increases with increasing power of the trapping laser. The lifetime in the image
on the left corresponds to 20 °C. Temperatures in the center and in the corners in the middle
image are 30 °C and 23 °C as reported by the lifetime of KR. The temperatures in the right
image are 45 °C (center) and 30 °C (corners). The experiment was done at 20 °C.
was likely to be caused by aggregation of the nanoparticles into aggregates that sit at the
air-solution interface as seen when they accumulate on the gas bubble caused by the focused
IR laser. As a result, nanoparticles stay in the bulk solution instead of making their way into
aerosols. The way to circumvent this obstacle is to use near IR absorbing dyes with a good
solubility in water.
The commercial water-soluble near IR absorbing dye NIR1054B was used for increasing the
absorptive properties of aerosols at 1064 nm. The absorption spectrum of NIR1054B is shown
in Figure 8.9. The dye clearly absorbs at 1064 nm and possesses an extinction coefficient of
57 Lg−1cm−1. The absorbance is very low in the range of 500-600 nm where KR absorbs and
emits so no FRET process is likely to contribute to final results.
At first, the near infrared absorbing dye NIR1054B was tested in the bulk water solution
with KR. The dye concentrations were 3 µM for KR and 0.85 g/L for NIR1054B. A drop of the
solution was placed on the coverslip on the microscope stage and the trapping laser was focused
into it. The lifetime images of KR were measured at three different powers of the trapping laser:
0 mW, 8.5 mW and 20 mW (Figure 8.10). The lifetime in the 0 mW image corresponds to 20
°C according to the calibration curve in Figure 8.2b, which is the same as the temperature in
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Figure 8.11: The FLIM images of KR in the aerosols with glutaric acid and NIR1054B, a 1064
nm absorbing dye. The concentration of NIR1054B was varied and it is shown at the top of
the images. The power of the trapping 1064 nm laser was 20 mW. The average lifetime of
KR in the images was increasing with increasing concentration of NIR1054B dye; 2670 ps at
0 g/L, 2739 ps at 0.5 g/L, 2967 ps at 1.7 g/L and 3226 ps at 3.4 g/L. 5×5 pixel binning was
used in order to have at least 100 counts at the peak of the fluorescence decays. RH was 90 %,
temperature was 20 °C.
the room during the experiment. Increasing the power of the trapping laser to 8.5 mW raised
the temperature to 23 °C in the corners and to 30 °C in the center (middle image in Figure
8.10). A trapping laser power of 20 mW pushed the temperature to 45 °C in the center and
to 30 °C in the corners. Overall, the results in Figure 8.10 show that NIR1054B is a suitable
dye for increasing the absorbance of aqueous solution at 1064 nm and causing heating when IR
laser is focused into the solution. Additionally, KR is capable of reporting the caused change
in temperature.
Next, several aerosol particles containing varying concentrations of NIR1054B were trapped
and imaged at RH = 90 % and 20 °C, Figure 8.11. The power of the trapping laser was kept
at 20 mW. The particle without NIR1054B had an average lifetime of 2670 ps. In comparison,
the average lifetimes in the aerosol particles with NIR1054B were 2739 ps, 2967 ps, 3226 ps at
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NIR1054B concentrations of 0.5 g/L, 1.7 g/L and 3.4 g/L, respectively. No lifetime variation was
seen within any particle. The observed lifetime trend is surprising, since a higher concentration
of NIR1054B should lead to a stronger absorption of the trapping laser, a higher temperature
and, therefore, a lower lifetime of KR. Surprisingly, when imaging was attempted on aerosol
droplets containing an even high concentration of NIR1054B, we were unable to successfully trap
them. During the process of trapping, the aerosol particles flow through the chamber and if the
particle flows through the spot where the optical tweezers are focused, it gets trapped. Then it
normally grows as more aerosol particles get trapped and coalesce with the first particle. When
higher concentrations of NIR1054B dye were used, the trapping became a lot more challenging
because the first aerosol particle that got into the trap did not grow anymore. In some instances,
another aerosol particle would get trapped too and both particles would briefly be in contact
with each other, without coalescing. Eventually, the aerosol would escape the optical trap
as the trap is less efficient for small aerosol particles. This behaviour suggests that increased
viscosity of the aerosol particles prevents coalescence. Increased viscosity of aerosols may be
caused by a water evaporation off the aerosol particle when it gets heated, which agrees with
the results in Figure 8.11 because KR is also viscosity-sensitive and its lifetime should increase
upon increase in viscosity.
Here, I attempt to predict how viscosity of aerosols should increase upon heating. When the
aerosol particle is heated, it should experience a local RH which is smaller than RH in the
aerosol chamber. The definition of RH is the following [208]:
RH =
pw
ps
× 100% (8.1)
where pw is partial water vapor pressure and ps is saturation vapor pressure of water. pw is
constant throughout experiment and it depends on temperature in the aerosol chamber, which
is 20 °C. Local ps for hot aerosol particle will depend on temperature of the particle. The ps
dependence on temperature is described by the Antoine equation [208]:
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Figure 8.12: A local RH the heated aerosol particle experiences with respect to its temperature
calculated using Equations 8.2 and 8.4. RH and temperature of the environment used in
calculation were 90 % and 20 °C. According to the results, a relatively small heating of the
particle causes a high change in RH the particle experiences.
log10 ps = A−
B
C + T
(8.2)
where T is temperature in °C, ps is pressure in mm Hg and A, B and C are constants equal to
8.07, 1731 and 233, respectively. From Equation 8.1, pw in the aerosol chamber at RH = 90 %
and 20 °C is equal to:
pw =
90
100%
· ps,20 (8.3)
where ps,20 is saturated vapor pressure of water at 20 °C. From Equations 8.1 and 8.3, a local
RH experienced by a hot droplet will be equal to:
RHl =
90% · ps,20
ps,T
(8.4)
where RHl is a local RH and ps,T is expressed in 8.2. RHl was computed using Equation 8.4
and it is shown in Figure 8.12.
The results in Figure 8.12 were computed using 20 °C value for temperature and 90% value for
RH because these were conditions at which data in Figure 8.11 were measured. The computed
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results in Figure 8.12 show that even a small change in aerosol temperature, 20 °C to 25 °C, for
instance, leads to a drastic change of a local RH the aerosol particle experiences (90% to 67%).
This happens because saturated vapor pressure of water rises when the particle is heated but
the actual water vapor pressure stays the same because it is controlled by temperature in the
chamber (20 °C). At lower RH, the aerosol particle should lose some of its water content and
equilibrate to the new conditions. For a glutaric acid aerosol, a water content should decrease
from 47 % to 23 % when RH drops from 90 % to 67 % [207]. Such change should lead to a
dramatic increase of viscosity of the aerosol. Viscosity measurements of sucrose aerosols done
by Hosny et al [93] together with Laliberte model [209] show that aerosol viscosity changes
from 30 cP to 500 cP when RH decreases from 90 % to 75 %. According to Zobrist et al [210],
the water mass fraction in sucrose aerosols changes from 45 % to 24 % when RH drops from 90
% to 75, which is similar to a change in the glutaric acid aerosols. Therefore, a drastic viscosity
change of the glutaric acid aerosols upon the change of local RH due to the heating is highly
likely and the magnitude of change is probably similar to the one in sucrose aerosols. As a
result, a small heating effect by 5 °C may lead to more than the order of magnitude increase in
viscosity. The latter effect on KR lifetime should completely offset the former and, therefore,
the lifetime should go up as in Figure 8.11 when the aerosol particle gets warmed up, loses
water and becomes a lot more viscous.
An additional complicating factor is a possible change of polarity in the aerosol upon the
loss of water, which also could affect the lifetime of KR as shown in Figure 7.8, where the
fluorescence lifetime of KR is shown to be smaller in more polar water and glycerol mixtures
than in methanol and glycerol mixtures at same viscosities and temperatures.
In summary, KR can be used to measure temperature changes during coverslip experiments
with results shown in Figures 8.11 and 8.8, but it is not a suitable temperature probe for
measuring the heating effects in aerosols because heating leads to a drastic change in viscosity
to which KR is also sensitive. The problem here are the effects of temperature and viscosity
on KR, which cannot be decoupled. In the next section, I show that another temperature-
sensitive viscosity probe, the porphyrin dimer PD-1 does not suffer from limitations of KR and
that temperature and viscosity effects can be decoupled in the case of PD-1.
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8.2.4 Temperature and viscosity of heated methanol and glycerol
mixture
In the previous section, the viscosity and temperature sensitivity of KR was shown to be a
major obstacle for temperature sensing using its lifetime. In this section, we show how this can
be overcome using another temperature-sensitive molecular rotor, porphyrin dimer PD-1.
Interestingly, the temperature dependence of porphyrin dimer PD-1 is a combination of be-
haviours shown by fluorophore Bdp-C10 and Kiton Red as discussed in the previous chapter.
The viscosity-senstive ratio of two peaks in the fluorescence spectrum of PD-1 is temperature
independent and can be used only for viscosity sensing. In contrast, the fluorescence lifetime of
PD-1 is affected by both temperature and viscosity. At first glance, lifetime does not look like
a good photophysical parameter for sensing any of these two environmental properties because
temperature and viscosity effects cannot be separated from each other if the lifetime parameter
is used on its own. Interestingly, this obstacle can be bypassed by using lifetime measurements
simultaneously with the ratiometric measurements, which can provide a measure of viscosity,
meaning that the only unknown parameter affecting the lifetime of PD-1 is temperature. There-
fore, in principle it should be possible to measure both temperature and viscosity by using the
ratiometric and the lifetime measurements simultaneously.
First, the ratio was calibrated in mixtures of methanol and glycerol of known viscosities under
the microscope. The ratiometric calibration data was fitted using Equation 4.8, derived in
Chapter 4. The data together with the equation are also shown in Figure 8.13a. The fluo-
rescence lifetime calibration at different viscosities and temperatures is shown in Figure 7.10a,
Chapter 7. In order to use this data, it was fitted globally. The equation for globally fitting
lifetime of the dimer PD-1 was derived starting from the equation 4.7:
τ =
1
A′′η−x + kf + knr
(8.5)
where τ is lifetime, η is viscosity, A” and x are the fitting parameters and kf and knr are
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Figure 8.13: The fits of the ratiometric (a) and the lifetime (b) calibration data for PD-1. The
ratiometric data was measured as described previously in Chapter 3, Section 3.8.3 and fitted
using the equation shown on Figure. The fluorescence ratios were calculated from fluorescence
intensities over 635-645 nm and 690-700 nm ranges. Figure b) shows the lifetime calibration
data fitted with the shown equation. The ratiometric calibration curve together with the
lifetime calibration surface enabled the use of PD-1 for dual viscosity and temperature sensing.
The figure is reproduced from [183] with permission of the Royal Society of Chemistry.
the fluorescence rate constant and the sum of all non-radiative decay constants. The lifetime
data of PD-1 suggests that a temperature-controlled non-radiative decay rate kT exists and knr
can be expressed as knr = kT + k
′
nr where k
′
nr is a sum of all remaining non-radiative decay
constants. For the fitting, kT was expressed as:
kT = Ae
−Ea/T (8.6)
where Ea is the activation energy for this thermal deactivation pathway, T is temperature and
A is a preexponential factor. Finally, the function for fitting lifetime data was constructed from
Equations 4.7, 8.6:
τ =
1
a1ηa2 + a3e−a4/T + a5
(8.7)
where a are the fitting parameters. The equation produced a good global fit of the lifetime
data of PD-1 (Figure 8.13b) with R2 = 0.997. Both the ratiometric and the lifetime fits show
how the ratio relates to viscosity and the lifetime relates to viscosity and temperature.
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Figure 8.14: The dual viscosity and temperature measurement of heated 70 % glycerol-methanol
mixture with PD-1. The heating was done with a copper wire, which gives the black rectangle
in the images. a) The ratiometric images throughout the heating together with the lifetime
images (b) were used to obtain the viscosity (c) and the temperature (d) maps. The increased
heating time caused a decrease in viscosity and an increase in temperature. The temperature
was higher and viscosity was lower closer to the copper wire. A black circle appearing at 956
s is a gas bubble.The figure is reproduced from [183] with permission of the Royal Society of
Chemistry.
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The capability of PD-1 to measure viscosity and temperature simultaneously was tested with
the system where the 70 % (v/v% glycerol) glycerol and methanol mixture containing PD-1
was heated using a copper wire wrapped around a soldering iron and inserting its tip into the
mixture. This created a temperature and viscosity gradient with increasing distance away from
the copper wire. The mixture around the tip was imaged ratiometrically and via FLIM.
The ratiometric and the lifetime images measured throughout heating are shown in Figures
8.14a and 8.14b, respectively. The ratiometric images were measured by calculating the ratio of
two fluorescence images at 635-645 nm and 690-700 nm. The pixels with a low total fluorescence
intensity were thresholded out and shown in black in Figure 8.14. The viscosity maps (Figure
8.14c) were calculated by assigning viscosity values according to the ratio in every pixel using
the calibration curve in Figure 8.13a. The lifetime images were acquired at 635-645 nm (Figure
8.14b) and then the global fit on Figure 8.13b was used with previously obtained viscosity maps
for calculating the temperature maps (Figure 8.14d). Both the viscosity and the temperature
maps show the viscosity and temperature gradient with respect to the distance to the tip of
the copper wire. Average viscosity dropped and temperature increased with the heating time.
Additionally, the temperature was higher and viscosity was lower close to the copper wire. The
results show that PD-1 can be used for the dual measurements of viscosity and temperature.
In order to estimate the error of this method the following procedure was done. Temperature
maps of heated 70 % glycerol-methanol mixture were calculated using the viscosity maps in
Figure 8.14c and known temperature-dependent viscosity of the mixture, which is shown in
Figure 8.15b. These temperature maps were then compared with the temperature maps in
Figure 8.14d and the difference in them is shown in Figure 8.15a. In most of the pixels the
difference is less than 5 °C. Another way to visualise error of the dual viscosity-temperature
estimation by PD-1 is shown in Figure 8.15c, where viscosities and temperatures at every pixel
in the images of heated glycerol-methanol mixture (Figures 8.14c, d) are plotted together with
viscosity-temperature curve in Figure 8.15b. Both images in Figure 8.15a and deviations from
the curve in Figure 8.15c show that biggest viscosity-temperature estimation error occurs in
the earliest image after 149s of heating. The ratiometric and the lifetime images were obtained
not simultaneously but one after another, which took approximately 30s. In such case, a faster
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Figure 8.15: The error in temperature estimation by the ratiometric and the lifetime imaging
using PD-1. a) The difference in the temperature maps shown in Figure 8.14d and the temper-
ature maps calculated from the viscosity maps in Figure 8.14c using the known temperature
dependence of viscosity of 70% glycerol-methanol mixture shown in b). In most pixels, the
difference is less than 5 °C. Viscosities of 70 % glycerol-methanol mixture were measured at
different temperatures with a viscometer and then the data points were fitted using the function
suggested in reference [211]. c) Viscosity versus temperature at every pixel of images in Fig-
ure 8.14c and d plotted with temperature-dependent viscosity of 70 % glycerol and methanol
mixture shown in b). The colours of dots show heating times for every image. All points are
close to the viscosity-temperature curve of 70 % glycerol and methanol mixture except some
points from the 149 s image. At that time the heating is faster, which lead to a higher error in
the estimated temperature. The figure is reproduced from [183] with permission of the Royal
Society of Chemistry.
change in viscosities and temperatures during the acquisition at earlier heating times is likely
to have caused a higher error. Overall, the data in Figures 8.14 and 8.15 show that PD-
1 can decouple two closely related parameters namely viscosity and temperature and to our
knowledge PD-1 is the first fluorescent probe capable of simultaneously measuring temperature
and viscosity with a reasonable accuracy.
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8.3 Conclusions
Here, the temperature-dependent molecular rotors were used for measuring local temperatures
on a microscopic scale.
In the first part, KR was used as a temperature sensor for measuring the effects of heating caused
by optical trapping on aerosol particles. This required the use of sophisticated experimental
equipment, allowing FLIM on an optically trapped aerosol. At first, aerosol droplets containing
NaCl as a solute to prevent complete evaporation where trapped and imaged with FLIM. The
lifetime of KR was found to vary from one aerosol droplet to another due to self-quenching of
KR, degree of which and, therefore, the lifetime of KR changed during the bleaching. When a
sufficiently small concentration of KR was used, the lifetime was consistently ∼1 000 ps higher
than expected at room temperature. This was found to be caused by NaCl, which pushed KR
molecules to the surface of the aerosol causing the lifetime of KR to increase. As a result,
aerosols with glutaric acid as a solute were used because glutaric acid does not have this effect
on KR. The lifetime of KR was slightly higher in aerosols with glutaric acid (2700 ps) when a
trapping laser power of 20 mW was used compared to the lifetime in bulk solution (2550 ps),
which was used for calibration. When the trapping laser power was increased to 40 mW, the
lifetime increased to 2900 ps.
In order to verify that KR can indeed sense an increase in the tempeature caused by laser
heating, we have introduced two types of near IR absorbing material: carbon black nanoparticles
and the IR absorbing dye NIR1054B. Experiments with both these materials showed that KR
is capable of measuring the temperature increase when the infrared laser for optical trapping
is focused into the solution. Furthermore, the degree of heating increased with the increasing
power of the trapping laser. Unfortunately, aerosol particles could not be formed with the
carbon black nanoparticles. Therefore, NIR1054B dye was used. Aerosols with an increasing
concentration of NIR1054B dye showed an increase in lifetime of KR, 2670 ps to 3226 ps when
the NIR1054B dye concentration was raised from 0 g/L to 3.4 g/L. This is opposite to the
expected trend and was explained using theoretical calculations, which show that when an
aerosol particle is heated up even by few degrees, it should experience a significant loss of water
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and its viscosity should greatly increase. Since KR is also sensitive to viscosity, the lifetime
increase is very likely to be caused by the aforementioned heating and viscosity increase of the
aerosol particle. To summarise, KR can be used as a temperature sensor for estimating the
heating caused by a trapping laser on a solution on a coverslip, where the quantity of solution is
relatively high and no change in viscosity is expected. This is not the case for aerosol particles
and KR fails to report temperature change as a result. In conclusion, KR is not an ideal probe
of temperature in aerosol environment due to multiple parameters affecting its lifetime.
In the second part we illustrate how the dual lifetime and ratiometric temperature and viscosity
sensor PD-1 can be used to overcome the aforementioned problems. A theoretical equation was
derived predicting how the fluorescence lifetime of PD-1 is affected by viscosity and tempera-
ture, which was used to fit the calibration data, which provided a calibration ’surface’ relating
lifetime to two unknown environmental parameters: viscosity and temperature. The lifetime
measurements by PD-1 were combined with the ratiometric measurements, which are temper-
ature insensitive. The combination of lifetime and ratiometric imaging allowed us to decouple
both the viscosity and temperature sensitivity of PD-1, something that proved impossible for
the fluorescent sensor KR. An example of the applicability of PD-1 was shown by measuring
dual local viscosity and temperature maps of heated methanol and glycerol mixtures. The re-
sults show that viscosity decreased with increasing heating time and increased proximity to the
hot copper wire. The temperature showed the opposite trend. Overall, this experiment demon-
strates that the dual temperature and viscosity measurements are possible using PD-1, which
is the first fluorescent probe capable of it to our knowledge. While PD-1 has not been used for
measurements in aerosols yet, we demonstrate as a proof of concept how using this dual probe
can overcome problems associated with KR and, potentially, other viscosity sensitive dyes.
The part of the work reported in this chapter was published in A. Vysˇniauskas, M. Qurashi, N.
Gallop, M. Balaz H. L. Anderson, and M. K. Kuimova, ”Unraveling the effect of temperature
on viscosity-sensitive fluorescent molecular rotors”, Chem. Sci., 6, 5773-5778, 2015.
9. Conclusions and Future Work
9.1 Summary and Conclusions
The molecular diffusion rates in living cells and lipid membranes are determined by viscosity on
a microscopic level. Unlike bulk viscosity, microviscosity is a challenging property to measure
due to the extremely small length scales, such as those within a cell. The molecular rotor method
is one of the few experimental techniques capable of achieving this. Moreover, it has multiple
advantages compared to the other techniques capable of microviscosity measurements, such as
imaging of microviscosity and tracking dynamic changes in viscosity at multiple locations at
once. In this Thesis, several molecular rotors were thoroughly examined, characterised and
applied as viscosity and temperature sensors. These included conjugated porphyrin dimers, the
sulforhodamine dye KR, and BODIPY-C10 molecular rotor.
The molecules PD-1 - PD-4, which belong to the family of porphyrin dimers, have several key
advantages over most of other molecular rotors. The first one is a significant red shift of their
absorption and fluorescence spectra resulting in a good overlap with the ’tissue optical window’,
which is particularly advantageous for deep imaging in tissues. The second one is their ability
to measure viscosity in two ways: by measuring the fluorescence intensity ratio between the
two emission wavelengths (’ratiometric’ method) and by measuring the lifetime at the lower
emission wavelength. This feature is particularly useful because viscosity values obtained by
both methods can be cross-checked, which increases the credibility of the obtained result if the
values are the same. Otherwise, two different molecular rotors or the molecular rotor technique
combined with another complementary approach, such as FCS, would have to be used in order
176
9.1. Summary and Conclusions 177
to achieve results with a similar degree of credibility.
An example of this advantage was shown by using PD-1 to measure viscosity in lipid monolayers,
in Chapter 3 of this Thesis. In this case, the viscosity values obtained using both methods were
different, which prompted further investigation into how the presence of the lipid monolayer
affects the photophysics of PD-1. The fluorescence images of PD-1 in the lipid monolayer
suggested that PD-1 orientates itself parallel to the lipid-water interface, which likely disturbs
the equilibrium between the ’twisted’ and the ’planar’ conformers. This example shows that
having two ways of measuring viscosity is particularly advantageous because neither the lifetime
nor the ratiometric method on its own would have uncovered this problem.
Additionally, the ratiometric method can be used on its own to allow fast measurements of
samples with low fluorescence intensity. This was demonstrated using PD-1 for measurements of
the dynamic changes in the viscosity of living cells and lipid monolayers containing unsaturated
lipids under oxidation by singlet oxygen (which was also produced by PD-1). FLIM imaging
was too slow to accurately capture the changing viscosity of the system during oxidation via
the lifetime method. Therefore, the dye can be used to measure viscosity in two ways. Lifetime
and ratiometric methods can be used in combination, or the ratiometric method only can be
used if the fluorescence is weak or if faster image acquisition is required.
This dual-sensing ability of porphyrin dimers puts them into a small class of molecular rotors
that can sense and image viscosity via two concentration-independent photophysical parame-
ters. Compared to the other members in this class, porphyrin dimers are superior due to their
absorption and emission in the red region of the visible spectrum. In addition, they also have
better dynamic ranges for the ratiometric measurements.
The spectroscopic proeprties of the four porhyrin dimers analysed in this Thesis are largely
similar, but two of them possess a few advantages. The dimer PD-3 was soluble in low polarity
solvent mixtures in which other dimers are not soluble, which shows the potential of PD-3 to be
used for experiments in lipid membranes. Another dimer, PD-4, which was used previously but
not as a dual viscosity sensor, had even more redshifted fluorescence peaks compared to PD-1
and showed more promise as a viscosity sensor for high viscosity (>1000 cP) environments. In
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addition, emission over the full fluorescence spectrum can be used for viscosity measurements
with PD-4 and this was not the case for the other porphyrin dimers.
The changes in viscosity of unsaturated lipid layers under oxidation was tested more thor-
oughly using the lipophilic lifetime-based molecular rotor BODIPY-C10, which has shown much
stronger fluorescence intensity in GUVs, an advantage over porphyrin dimers. These studies
revealed that the viscosity of lipid bilayers increased when three different Type II photooxidants
(singlet oxygen sensitisers) located in different parts of the bilayer were used. The positioning
of the oxidant relative to the bilayer did not have a significant effect on the viscosity change. In
contrast to Type II oxidants, BODIPY-C10 reported a viscosity decrease when the mixed Type
I - Type II photooxidant Methylene Blue was used. Overall, the molecular rotor BODIPY-C10
was shown to report different viscosity dynamics during Type II and Type I oxidations. Addi-
tionally, irradiation of a single location in the vesicle was shown to induce a viscosity increase
across the whole vesicle. This is likely to result from the mobility of the oxidised lipids in the
vesicle. To sum up, BODIPY-C10 is a suitable molecular rotor for measuring dynamic changes
in the viscosity of lipid bilayers under photooxidation and it revealed mechanistic details of
photooxidation that were previously unavailable.
The effect of temperature on the photophysics of molecular rotors was investigated for several
molecular rotor types. The work in this Thesis also shows that different molecular rotors can
be affected by temperature in different ways and this dependence needs to be determined unless
the calibration and viscosity measurement experiments are performed at the same temperature.
The fluorescence lifetime of BODIPY-C10 was shown to be sensitive only to viscosity. Different
temperatures can affect BODIPY-C10, but only by inducing changes in the viscosity of the
solvent and by altering the lifetime directly. This is a desirable property for a molecular rotor
that is expected to measure viscosity independently of temperature. In contrast, the fluores-
cence of the sulforhodamine dye KR was heavily dependent on both viscosity and temperature.
Therefore, viscosity or temperature measurements using KR have to be performed carefully to
ensure that the other of the two environmental parameters remains constant during the course
of the experiment (i.e. KR-based viscosity measurements must be performed at a constant
temperature and vice versa). The dual-mode rotors, porphyrin dimers PD-2 and PD-3, did not
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show any temperature sensitivity, which means that they can be used to sense viscosity with
both the lifetime and the ratiometric methods even when temperature variations are present
in the sample. The ratiometric methods of the other two dimers (PD-1 and PD-4) were also
insensitive to temperature. However, this was not the case for the lifetime method, which was
sensitive to both viscosity and temperature. Such interesting behaviour of PD-1 and PD-4
potentially allows them to be used to monitor temperature and viscosity simultaneously by
combining the ratiometric and lifetime methods and this was tested in the Chapter 8 of this
Thesis.
Finally, the temperature-sensitive molecular rotors KR and PD-1 were used for temperature
and dual viscosity-temperature imaging, respectively. KR was used to measure the heating
effects that an optical trap causes on an aqueous aerosol particle. The fluorescence lifetime of
KR in optically trapped aerosols (with an IR dye to enhance absorbance of the trapping laser)
reported a decrease in temperature instead of an increase, which was found to be an artefact
caused by the reduction of the water content and the increase in viscosity of a heated aerosol
particle. Overall, the dual sensitivity of KR to temperature and viscosity was shown to be a
major obstacle for temperature sensing experiments. In contrast to KR, it was demonstrated
that the temperature and viscosity sensitivities of PD-1 can be decoupled. Methanol-glycerol
mixture containing PD-1 was heated by a hot copper wire and imaged under the microscope.
The obtained ratiometric and lifetime images allowed the calculation of both viscosity and tem-
perature maps simultaneously. In this example, the dual viscosity and temperature sensitivity
of PD-1 was not an obstacle but an advantage and allowed the simultaneous measurement of
both viscosity and temperature. To the best of my knowledge, this is the first time this has
been achieved using a single molecule.
To conclude, this Thesis shows the characterisation of new molecular rotors, in addition to show-
ing new applications of known molecular rotors. A series of new dual-model molecular rotors
were characterised that are potentially useful for viscosity sensing in lipid membranes and living
cells. Additionally, it was demonstrated that the previously studied molecular rotor BODIPY-
C10 can be used to track changes in the viscosity of lipid membranes under photooxidation.
Finally, the dependence of the photophysical behaviour of molecular rotors on temperature was
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examined and the use of this temperature sensitivity was explored. The work in this Thesis
demonstrates that molecular rotors are a useful and diverse family of fluorophores that can be
applied to characterise conditions of the microenvironment in a wide range of different samples.
9.2 Future Work
Here, we propose several directions where the work in this Thesis can be taken further. While
these experiments are outside the scope of this Thesis, we believe that these directions show
much promise and build from the results presented in the Thesis.
9.2.1 Dual-mode viscosity and simultaneous viscosity-temperature
imaging in the living cells
Only the porphyrin dimer PD-1 was tested in this thesis for dual viscosity imaging in living cells.
Unfortunately, PD-1 internalised into the cells poorly, which resulted in fluorescence intensity
that was too weak to allow lifetime imaging. Most of the molecules formed large fluorescent
aggregates outside the cell, which was the main factor causing poor fluorescence intensity.
The dimer PD-4, which was used for ratiometric viscosity sensing by Kuimova et al [5], may
internalise into cells better. This would allow lifetime imaging, which in turn would open the
possibility of both dual-mode viscosity sensing at fixed temperature or simultaneous viscosity
and temperature sensing. Additionally, the fluorescence lifetime of PD-4 is viscosity-dependent
at every fluorescence wavelength, which allows the full fluorescence signal (680-800 nm) to be
used for lifetime-based viscosity imaging compared with the smaller window of 635-645 nm that
has been used for viscosity sensing with PD-1.
An alternative way of overcoming the problem of aggregation in water could be using porphyrin
dimer analogues without any metal in the porphyrin centers. The work of H. Anderson [128]
shows that porphyrin dimers without any metal ions aggregate the least. Therefore, the por-
phyrin dimer analogues of PD-1 or PD-4 without metal ions may preserve their both viscosity
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and temperature sensitivity but aggregate less in water and internalise into the cells better.
9.2.2 Viscosity and temperature imaging in tissue
One of the most exciting properties of the porphyrin dimers is the presence of absorption and
fluorescence bands in the red region of the visible spectrum, which enables the molecules to be
used in deep tissue imaging. In order to use the dimers in tissue, the dimers need to be excited
in the Q band (600-700 nm) instead of the B band (450-470 nm). If the viscosity sensitivity of
the dimers is preserved upon the excitation in the Q band, the dimers can be used for viscosity
sensing in tissue, with the potential application of measuring viscosity in tissue during PDT.
If the viscosity change is observed, its value could be then used for measuring the progress of
PDT treatment and choosing an appropriate amount of the dose of radiation. We also note
here that oxidation of tissues is one of the hallmarks of the inflammation response that is
known to generate reactive oxygen species. This suggest that simultaneously probing viscosity
and temperature using molecular rotors characterised in this Thesis is a promising avenue of
research.
9.2.3 The effects of oxidation of the lipid membrane in living cells
The work in Chapter 6 shows that molecular rotor BODIPY-C10 can be used for sensing the
change in viscosity during the membrane oxidation of model lipid membranes and for differ-
entiating between Type I and Type II oxidants. The natural continuation of this work is to
extend these experiments into living cells to see how the exposure to radiation in the presence of
various PDT agents can affect the viscosity of the membranes in the cell. The viscosity change
reported by BODIPY-C10 would allow tracking the progress of PDT and quantify the efficiency
of different PDT agents. Additionally, the effect on cellular viscosity of PDT agents that target
specific organelles could also be tested. Furthermore, the way the cellular viscosity is affected
by other toxic chemicals known to kill cells, such as hydrogen cyanide could be examined.
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